
ABSTRACT 

BOGACKI, KEVIN JOSEPH. Design of a 50 GHz Bandwidth DPSK Compatible 
Monolithically Integrated Optical Receiver. (Under the direction of Dr. Leda Lunardi.) 
 

The goal of this work is the design, analysis, and simulation of  a monolithic optical 

receiver consisting of two balanced waveguide photodiodes integrated with a differential 

transimpedance amplifier, based on InP double heterojunction bipolar technology for 50 Gb/s 

differential phase shift keying (DPSK) applications.  

 For the InP / InGaAs double-heterojunction bipolar transistor (DHBT), a small signal 

equivalent model based upon the Gummel-Poon bipolar junction transistor model was used. 

This model was determined by fitting measured S-parameters from a published 180 nm 

collector base-metal-overlaid structure (BMOSA) with a 20 μm2 hexagonal emitter area. In 

addition, a thermal model was incorporated to estimate the device operating temperatures. 

The maximum cut off frequency and maximum frequency of oscillation of the model were 

289 and 210 GHz, respectively.  

 For the InGaAs PIN waveguide photodiode (PIN-WGPD), a small signal equivalent 

model was also developed based upon published data. The model parameters were found by 

fitting the photodiode gain profile to measured results for a 300 nm thick evanescently 

waveguide coupled PIN-PD with a 5x20 μm2 total area. The bandwidth of the photodiode 

was 70 GHz with a corresponding responsivity value of 0.37 A/W.  

 With the transistor model, a fully differential 3-stage transimpedance amplifier was 

designed. The optimized amplifier yielded a gain of 18.8 dB, bandwidth of 50.3 GHz, 

transimpedance of 50.9 dB-Ω, and input and output reflection of better than -10 dB. Large 

signal simulations exhibited open eye diagrams at 50 Gb/s with a wide optical dynamic range 



of 28.8 dB. DC simulations indicated that all devices operated at a temperature of less than 

144oC, while total power dissipation was less than 305 mW.  

 Finally, the optimization of the fully integrated optical receiver was evaluated. Two 

integration schemes were investigated – hybrid and monolithically integrated – with the 

monolithic optical receiver outperforming the hybrid architecture in terms of wider 

bandwidth and faster performance. The monolithic receiver showed a gain of 14.3 dB and a 

bandwidth of 50.0 GHz with input and output reflections better than -10 dB, and exhibited 

open eye diagrams at 50 Gb/s in DPSK format with an optical dynamic range of 29.0 dB. 

Noise analysis on the monolithic optical receiver yielded an input referred current noise of 

less than 65 pA / Hz  at the 50 GHz bandwidth. 
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1. INTRODUCTION  

Fiber optic communication systems became the preferred means for high-speed data 

transmission because of the achievable wide bandwidth and low loss in the optical fiber. It is 

estimated that 50 THz bandwidth is available in fiber with a corresponding loss of less than 

0.16 dB/km [19, 72, 94]. Implementation of wave division multiplexing systems has 

increased transmission lengths and capacity limits but also requires alternative modulation 

formats other than the conventional on-off keying type to circumvent the fiber nonlinearity 

penalties. Differential phase shift keying (DPSK) modulation has recently been investigated 

as a viable alternative to increase sensitivity, offering a 3-dB sensitivity advantage over on-

off keying and other modulation types. This translates into extended transmission distances 

and lower optical power requirements for legacy systems [4, 24, 96].  

 

Figure 1.1: Optical SNR versus bit-error-rate for DPSK and OOK systems at 40 Gb/s [96] 
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 However, the implementation of DPSK optical systems is not straightforward since 

the optical receiver has different requirements than the on-off keying detector. This work 

considers performance improvements for a high-speed DPSK optical communication link by 

the integration of the photo detector and a differential transimpedance amplifier. Specifically, 

the goal is to design, analyze, and simulate a 1.55 μm monolithic optical receiver consisting 

of two balanced waveguide photodiodes (WGPDs) integrated with a differential 

transimpedance amplifier to operate at 50 Gb/s in a DPSK system. InP / InGaAs double 

heterojunction bipolar transistors (DHBTs) were chosen as the technology for the design 

because they are compatible with the wavelength of operation and the material of the 

detectors. Furthermore, HBTs have proven to outperform field effect transistors in 

monolithically integrated photo receivers [52]. 

 

Figure 1.2: Advanced technologies available for high-speed optical communications [36] 

 The major motivating factor of this thesis is to determine the performance of a 

monolithic optical receiver in an optical system as compared to a hybrid receiver for DPSK 

applications. The elimination of the parasitic bond wires connecting the photo detector to the 

preamplifier in a hybrid detector may allow for increased performance in a monolithic 
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receiver [45, 76, 84, 96]. Furthermore, the implementation of a monolithic receiver could 

allow for decision logic circuitry to directly follow the receiver without the use of a post 

amplifier. In addition to the challenges of designing a high-speed, wide-bandwidth, low-noise 

monolithically integrated receiver, another goal is to directly compare the monolithic and the 

hybrid receivers.  

 Chapter 2 of this thesis provides an introduction to the optical communication link.  

The physics of a fiber channel is presented including propagation, loss, dispersion, and 

nonlinearities. The components of a basic fiber optic link are discussed in detail along with a 

comparison of different modulation techniques, specifically on-off keying and differential 

phase shift keying. Finally, the background necessary to study the optical receiver is 

provided including performance parameter definitions and an introduction into the operation 

of the photo detector and front-end amplifier.  

 Chapter 3 discusses the design of the integrated optical receiver and presents the 

receiver specifications used for this work. The initial sections establish the double 

heterojunction bipolar transistor (DHBT) and waveguide PIN photodiode models used in the 

simulations. Once the models are determined, a step by step approach is illustrated for the 

design of the transimpedance amplifier. The final section provides the optimization of the 

fully integrated optical receiver according to the specifications. Two integration schemes are 

investigated: the hybrid receiver and the monolithically integrated receiver.  

 Chapter 4 provides the simulation results for the designed transimpedance amplifier 

and integrated optical receivers. DC simulations were performed to determine bias 

conditions, power dissipation, and temperature operation, while small signal simulations 

were performed to determine gain and bandwidth. Large signal simulations were performed 
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to investigate transient responses and eye diagrams. Transimpedance amplifier simulations 

are compared to published results when available, while for the monolithic receiver, the 

results are analyzed against the hybrid ones.  

 Chapter 5 is reserved for the noise analysis and results of the monolithically 

integrated optical receiver. The noise analysis is divided into three sections: photodiode 

noise, transistor noise, and transimpedance amplifier noise. The noise tradeoffs are also 

discussed in terms of circuit analysis. 
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2. THE OPTICAL COMMUNICATION LINK 

2.1 Fiber Optic Communication Channel 

 Optical communication systems are realistically limited by the fiber’s refractive index 

dependence on wavelength and intensity of the transmitted light. For higher bit rates and 

longer distances, dispersion, or the broadening of the optical pulse, can cause inter-symbol 

interference (ISI) degrading the performance of the system [72]. In this chapter, an 

introduction into the fiber optical channel will be provided followed by a discussion on the 

components of a basic optical communication link and possible modulation formats for that 

link. Finally, this chapter investigates the details of an optical receiver.   

2.1.1 Propagation in Optical Fiber 

 The optical fiber used in optical communications consists of a silica core surrounded 

by a silica cladding. The core is usually doped with germanium or phosphorus to increase its 

index of refraction, while the cladding is doped with boron or fluorine to decrease its index 

of refraction. This difference in index allows for light to propagate down the length of the 

fiber. The index change can be gradual (graded index fiber) or abrupt (step index fiber). 

Graded index fiber is used in multimode transmission to decrease modal dispersion, while the 

step index fiber is predominately used in single mode transmission [110]. A multimode fiber 

has a core radius larger than the wavelength of operation (tens of microns), while the single 

mode fiber has a core radius on the order of the wavelength (a few microns) [75]. To provide 

a general understand of light propagation in a fiber, the geometry of a multimode step-index 

fiber can be studied [41].  
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Figure 2.1: Index profile of step-index fiber with core radius r [110] 

 Light propagation can be understood by assuming the multimode configuration where 

the radius of the core, r, is more than ten times larger than the wavelength of operation. Here, 

the rays of light propagate along the length of the fiber by way of reflection at the core / 

cladding boundary. At any material boundary, Snell’s law can be applied. 

 2211 sinsin θθ nn =  (2.1) 

where n1 and n2 are the indices of the core and cladding respectively, and θ1 and θ2 are the 

angles of incidence and refraction respectively (as measured in reference to the normal). For 

angles larger than a critical angle, given by: 

 
1

21sin
n
n

c
−=θ , (2.2) 

there exists no refracted light and all the light is reflected. This condition is known as total 

internal reflection (TIR). Geometrically speaking, light will only propagate through the fiber 

if it meets the TIR condition at the core and cladding interface. If the angle of incidence is 

less than the critical angle, the light will not propagate through the fiber [72].  

 In addition to the TIR condition, a condition also exists for the coupling of light into 

the fiber. Light is only coupled into a fiber if the incident angle is less than θ0max. θ0max can be 

determined with the following equation. 
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where n0 is the index of the air outside of the fiber. Light satisfying this condition will also 

meet the TIR condition inside the fiber, allowing propagating through the fiber [72].  

 

Figure 2.2: Multimode fiber light propagation conditions 

As there are many possible angles that fulfill these propagation criteria in a 

multimode fiber, many modes can be transmitted through the fiber. This directly leads to 

modal dispersion. Because each mode travels through different reflection angles, the path 

lengths of each mode are unequal as illustrated in Figure 2.2. This causes the optical pulse to 

spread out as different modes reach the end of the fiber at different times. Pulse spreading, or 

dispersion, directly and negatively impacts the performance of an optical system [72].  

 One way to eliminate modal dispersion is to implement single-mode fiber (SMF), 

where the core radius is on the order of the operating wavelength allowing only one mode to 

propagate. Under this assumption, TIR can no longer describe the propagation of light in the 

fiber. The propagation of light in the SMF is best explained by way of Maxwell’s equations 

because light propagates as if in a diffraction medium [72].  

 Maxwell’s equations are listed below: 

 ρ=⋅∇ D  (2.4) 

 0B =⋅∇  (2.5) 
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∂
−=×∇

BE  (2.6) 

 
t∂

∂
+=×∇

DJH  (2.7) 

where D is the electric density, B is the magnetic flux density, E is the electric field, H is the 

magnetic field, ρ is the charge density, and J is the current density. If there is no free charge 

and no loss, as is often assumed for silica, ρ = J = 0. Also for the silica medium,  

 PED += oε  (2.8) 

 HB oμ=  (2.9) 

where P is the electric polarization of light in the fiber. To find the wave equation for the 

electric field, the curl of equation 2.6 is taken.  

 ( ) 2

2

2

2 PEE
tt ooo ∂

∂
−

∂
∂

−=×∇×∇ μεμ  (2.10) 

If a linear-isotropic medium is assumed, the electric polarization is defined by the following 

with r and t being the position and time of the vector, respectively.   

 ( ) ( ) tdtttt
t

o ′′′−= ∫ ∞−
,rE,r),r(P χε  (2.11) 

χ is the linear susceptibility which is a property of the silica fiber. Using the properties of the 

Fourier transform, E is described as: 

 ( ) ( ) ωωω
π

dtit ∫
∞

∞−
−= exp,rE

2
1),r(E  (2.12) 

The Fourier transforms of 
t∂

∂E and 2

2E
t∂

∂ can be found by taking partial derivatives of the 

above equation with respect to time yielding: 

 ( ) ( ) ⎥⎦
⎤

⎢⎣
⎡ −

∂
∂

=
∂

∂
∫

∞

∞−
ωωω

π
dti

tt
t exp,rE~

2
1),r(E  (2.13) 
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The partial derivative leads to Fourier transforms of 
t∂

∂E and 2

2E
t∂

∂ given as E~ωi−  and E~2ω , 

respectively. This allows for the Fourier transform of ( )E×∇×∇ . 

 P~E~E~ 22 ωμωεμ ooo +=×∇×∇  (2.14) 

But, the Fourier transform of the electric polarization is given as: 

 ( ) ( ) ( )ωωχεω ,rE~r,~,rP~ o=  (2.15) 

Therefore,  

 E~~E~E~ 22 χωεμωεμ oooo +=×∇×∇  (2.16) 

It is also noted that neglecting losses, the index of refraction can be found 

by ( ) ( )ωχω ~1+=n . This further simplifies the ( )E×∇×∇  equation to  

 E~E~ 2

22

c
nω

=×∇×∇  (2.17) 

Using an identity for ( )E×∇×∇ , the equation is altered to the following form. 

 ( )E~E~E~ 2

22
2 ⋅∇∇=+∇

c
nω  (2.18) 

Using 0D =⋅∇  and PED += oε , it can be shown that ( ) 0E~ =⋅∇∇ . Therefore, this equation 

simplifies to the electric field wave equation. The wave equation for the magnetic field can 

be found in the same manner. Both wave equations are listed [72]. 

 0E~E~ 2

22
2 =+∇

c
nω  (2.19) 

 0H~H~ 2

22
2 =+∇

c
nω  (2.20) 

For a single propagation mode in a fiber, there exist two degenerate solutions to 

Maxwell’s wave equations that the meet core-cladding boundary conditions. This gives way 
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to the two transverse fields found within the single mode – the electric field and the magnetic 

field. The fields are degenerate in that they have the same propagation constant in SMF, 

meaning they have the same velocity in the fiber. How these two fields are oriented to each 

other defines the state of polarization of the light in the fiber. If the two fields are in phase, 

the mode is said to be linearly polarized. If the two fields have perpendicular phase, the mode 

is said to be orthogonally polarized. Other polarization types include circular and elliptical 

polarization [72].  

If there are several solutions to Maxwell’s equations, many modes can propagate 

along the length of the fiber. Different wavelengths have different velocities, and each mode 

will arrive at the end of the fiber at different times. This leads to pulse spreading, or 

dispersion at the end of the fiber. Therefore, Maxwell’s equations again prove that single 

mode fiber is effective in eliminating modal dispersion [72]. 

2.1.2 Optical Fiber Loss  

 Fiber optic communication systems benefit significantly from the low loss value of 

silica fiber [72]. The main contributions of loss are Rayleigh scattering, infrared (IR) 

absorption, ultraviolet (UV) absorption, and waveguide imperfections. The first two, 

Rayleigh scattering and IR absorption, outweigh the others. In addition to these 

contributions, an absorption peak is created during the manufacturing process as water is 

incorporated into the fiber. All of these contributors are a function of the fiber materials 

(silica, dopants, etc.) and drawing conditions (temperature, tension, speed, etc) [65].  



 

 11

 

Figure 2.3: Single mode fiber absorption spectrum [33] 

Figure 2.3 depicts the experimental loss spectrum including the limits due to Rayleigh 

scattering and IR absorption for a typical single mode fiber [33]. Shorter wavelength 

operation is limited by Rayleigh scattering, while longer wavelength operation is limited by 

IR absorption. The large peak on the experimental curve is due to OH absorption. Three 

operating wavelengths have been used in the past for fiber communication links – 0.8 μm, 

1.3 μm, and 1.55 μm – as each exists at an attenuation minimum. As more light sources 

became available with the advancement of epitaxial technologies, 1.55 μm predominately 

became the wavelength of choice, as 1.55 μm exhibits the lowest loss. More recent 

technologies such as the erbium doped fiber amplifier (EDFA) also influence the need for 

1.55 μm operation, as this wavelength is within the EDFA gain spectrum of 1525-1570 nm 

[72]. EDFAs will be further discussed in section 2.2.3. 

The total attenuation in the fiber system can be modeled by: 

 )exp( LPP Tinout α−=  (2.21) 

Here, Pin and Pout are the input and output powers of a fiber of length L and attenuation αT 

[72]. The total attenuation, αT, is given by the following: 
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 IRRT ααα +=  (2.22) 

where αR and αIR are the Rayleigh scattering and IR absorption losses respectively. Rayleigh 

scattering loss is proportional to the intensity of light propagating in the fiber while infrared 

loss is completely dependent upon the materials used to manufacture the fiber.  
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⎜
⎝
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λ
α DCIR exp  (2.24) 

where P(r) is the light intensity, A(r) is the Rayleigh scattering coefficient, r is the radial 

distance, and C and D are material dependent coefficients [65]. These two factors were 

approximated versus wavelength in Figure 2.3. Although these equations allow for the 

modeling of the loss parameters of silica, they do not account for the large peaks of water 

absorption found in the experimental results of SMF.  

New advances in manufacturing have led to the development of a new low water peak 

SMF. This fiber is manufactured by a process that decreases the amount of OH 

contamination in the fiber, thus eliminating the OH absorption peaks on the attenuation 

curve. Amazingly, this can theoretically extend the bandwidth of fiber to over 70 THz [31].  

2.1.3 Dispersion 

 In addition to loss, dispersion limits optical system performance at high bit rates. 

Dispersion can be simply defined as the broadening of an optical pulse in the time domain. It 

can be detrimental to system performance by inducing ISI, where adjacent bits begin to 

overlap [73]. Three types of dispersion include modal, chromatic, and polarization mode 

dispersion (PMD). In the standard single mode fiber, chromatic dispersion and PMD limit 
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system performance. However, various compensation techniques are available to ameliorate 

the effects of chromatic dispersion and PMD in the single mode fiber [72].  

 Chromatic dispersion can be broken up into two types – material dispersion and 

waveguide dispersion. Although material dispersion accounts for most chromatic dispersion, 

it is still important to recognize waveguide dispersion. Material dispersion stems from the 

fact that the index of refraction in the silica fiber depends on the wavelength of the 

propagating light. Because light sources or transmitters (lasers, see section 2.2.1) have a 

finite optical spectrum, the different wavelengths within this spectrum will travel at different 

speeds, resulting in a broadened pulse at the output of the optical fiber. In standard SMF, 

almost no dispersion exists at 1330 nm wavelength, while at 1550 nm larger dispersion 

occurs [72]. 

 Waveguide dispersion is the second form of chromatic dispersion. In a typical fiber, 

some light propagates in the cladding while moving along the fiber. Depending on the 

particular wavelength of the laser’s finite spectrum, either more or less light will enter the 

cladding. Light moving through the cladding travels at a different speed than the light in the 

core causing broadening of the pulse at the end of the fiber to occur.  

The total chromatic dispersion in a fiber is the sum of the waveguide dispersion and 

the material dispersion [72]. Figure 2.4 is a plot of dispersion [ps / (nm km)] versus 

wavelength. For standard SMF, the total chromatic dispersion is low for the 1330 nm 

wavelength (≈ 0 ps / (nm km)) but high for the 1550 nm wavelength (≈ 17 ps / (nm km)) 

[40].  
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Figure 2.4: Dispersion versus wavelength for a standard single mode fiber [40] 

 An expression for dispersion can be mathematically determined by understanding the 

equation for an optical wave traveling in a fiber.  

 ( ) ( ) ( )( )φωωβ −−= tzyxJtzE cos,,~  (2.25) 

Here z is in the direction of propagation, J(x,y) is the electric field distribution along the x 

and y axis, and β, the propagation constant, is a function of ω given in the below Taylor 

series expansion.  

 ( ) ( ) ( ) ( ) L+−+−+−+= 3
3

2
21 6

1
2
1

oooo ωωβωωβωωββωβ  (2.26) 

oω is the center frequency,
0β

ωo  is the phase velocity, and
1

1
β

is the envelope or group 

velocity. 2β  is the group velocity dispersion parameter (measured in ps2/km) and is 

dependent on the wavelength of light.  It is responsible for the optical pulse broadening. One 

can obtain an expression for the dispersion, D, from the group velocity. 

 22

2 β
λ
π

−=D  (2.27) 
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The above dispersion equation accounts for both material and waveguide dispersion and has 

units of ps / (nm km) [41].  

 The group velocity can also induce chirp in an optical pulse. Chirp, defined as a 

frequency change across an optical pulse, is depicted below in Figure 2.5. Optical chirp 

induced by a length of optical fiber is an unwanted effect since broadening any pulse can 

cause ISI in a system.  

 

Figure 2.5: Chirped optical pulse as a function of time [72] 

Equation 2.28 relates the chirp parameter to the width of the optical pulse. Here, Tz is the 

output width of the pulse as compared to the input width, T0, after traveling a length of z in 

fiber. κ is the chirp factor of a pulse and is proportional to the rate of change of the frequency 

with time [72]. As this equation shows, the faster the frequency of the pulse changes with 

time, the wider the output pulse becomes.  
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It should be noted that sometimes adding chirp can improve the performance of a system. 

Prechirped optical pulses can be used to compensate for chirping induced on a length of 

optical fiber [69]. 

Although chromatic dispersion and optical chirp can dramatically limit the 

performance of an optical system, in the recent years several compensation techniques have 
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been explored. Electrical dispersion compensation can be implemented at either at the 

transmitter or receiver side of the link but is limited by the phase control at the transmitter 

and phase detection at the receiver. Optical dispersion compensation can be implemented 

anywhere in the link and has the added benefit of feedback control. Common optical 

dispersion compensation techniques include the use of non-zero dispersion shifted fibers 

(NZ-DSF) [102], dispersion compensated fiber (DCF) [102], chirped fiber Bragg gratings 

[68-69], virtually imaged phased arrays [48], etalons [62], ring resonators [53], Mach-

Zehnder-interferometers [90], and waveguide grating router-based compensation [57]. 

The third and final type of dispersion is polarization mode dispersion. Because of the 

elliptical shape of the optical fiber, different polarizations of light travel at different speeds, 

which causes broadening of the optical pulse. First order PMD is known as birefringence. In 

the case of a birefringent fiber, light polarized on one axis is delayed compared to the light 

polarized on its perpendicular axis. Birefringence randomly changes with the light’s position 

and wavelength, as well as the temperature and stress of the fiber itself. PMD can be 

measured in terms of kmps/ and is on the order of 0.1 kmps/  in standard SMF [8]. 

Because chromatic dispersion compensation is part of the design for any optical 

system, PMD became the limiting factor in legacy optical systems [72]. However, PMD 

compensation also exists. PMD compensation depends on the modulation format, the 

transmitter, and the receiver of the system and can be accomplished electrically or optically. 

Electrical compensation includes feed-forward and decision feedback equalizers, while 

optical compensation includes methods using polarization controllers and polarization 

maintaining fiber (PMF) [8].  
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2.1.4 Nonlinear Effects 

 The final limiting factor of the high-speed optical communication system is the 

nonlinear effect of the optical fiber. Nonlinearities occur when light at one or more 

wavelengths mix to create light at one or more new wavelengths. The major types of 

nonlinearities include the χ3 nonlinearities – self-phase modulation (SPM), cross-phase 

modulation (XPM), and four-wave mixing (FWM) – and the scattering nonlinearities – 

stimulated Raman scattering (SRS) and stimulated Brillouin scattering (SBS). This subject 

has been intensively explored [1, 7], and is above the scope of the present thesis. 

2.1.5 Wave Division Multiplexing 

Wave division multiplexing (WDM) was envisioned to  increase bandwidth (BW) on 

existing fiber infrastructure by transmitting multiple signals on one fiber allowing for faster 

transmission than transmitting single signals on multiple fibers. When using WDM to 

increase bandwidth, the fiber is transformed into multiple ‘virtual fibers’ by transmitting data 

on different wavelengths of light down a path of SMF. Commercial WDM systems operate 

with 50 GHz channel spacing at 40 Gb/s per channel [106]. The wavelength spectrum of 

operation (or number of channels) is usually limited by the spectrum of the optical amplifier 

as will be discussed in section 2.2.3.  The basic operation of WDM is illustrated in Figure 

2.6.  
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Figure 2.6: Basic wave division multiplexing (WDM) setup. This system multiplexes n 
optical channels, each of X Gb/s, to combine for a total rate of nX Gb/s 

From Figure 2.6, WDM takes multiple optical input signals, multiplexes these signals 

together on different wavelengths by way of diffraction gratings, and sends all this 

information through a fiber as one WDM signal. Therefore, transmission of light on one fiber 

can send multiple signals, each containing large amounts of data at a time. This drastically 

increases the overall bandwidth of a single fiber. The major limitations of the WDM system 

are fiber nonlinearities and crosstalk. Both of these limitations cause multiple wavelengths to 

interfere with each other, thus degrading the performance of the system [72].  

Commercial manufacturers have already released systems with 80 wavelengths 

operating at 40 Gb/s on each wavelength for a total of 3.2 Tb/s operation. Many different 

companies are competing to increase the bandwidth of the WDM system. Table 2.1 

illustrates current capacities reported by companies that manufacture and distribute WDM 

systems.  
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Table 2.1:  Capacities of current technology 

Company Number of 
Wavelengths 

Transmission Speed 
per Channel (Gbps) 

Total Transmission 
Speed  (Tbps) 

Distance 
km 

Lucent 
Technology [104] 

128 10  1.28 4000  

Lucent 
Technology [104] 

64 40 2.56  1000  

Siemens [105] 80 40 3.2  2,000  
Nortel [106] 32 10  320  n/a 
 
2.2 A Basic Fiber Optic Communication Link 

The basic fiber optic communication link consists of a transmitter and receiver 

operating at a wavelength of 1550 nm as shown in Figure 2.7. 1550 nm is chosen because it 

is the absorption or loss minimum in silica SMF and is within the EDFA spectrum of 1525-

1570 nm [72]. The transmitter consists of a light source (laser) and data modulator. A 

distributed feedback laser (DFB) is most commonly used because of its wavelength tunability 

and stability, and its high output power [19]. The data modulator is either internal to the laser 

as in the case of direct modulation, or it is found external to the laser. External lithium 

niobate modulators have proven to be the modulators of choice for high speed, long distance 

links because of their high bandwidth and high extinction ratios. Furthermore, these 

modulators have also been used because they can be designed for zero chirp or adjustable 

chirp operation, thus minimizing fiber dispersion [94].  

 

Figure 2.7: A basic modern fiber optic communication link consisting of an optical 
transmitter, amplifier, and receiver 
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As shown in Figure 2.7, a length of SMF connects the transmitter and receiver in the 

optical communication link. Because loss is an inherent property of the connecting optical 

fiber and other components of the link, optical amplifiers are implemented. Erbium doped 

fiber amplifiers (EDFAs) are most commonly used because they provide optical 

amplification at the same wavelength where silica fibers provide for the lowest loss [36]. 

These amplifiers are typically placed along the fiber channel as needed, but can also be 

placed at the output of the transmitter or at the input of the receiver. 

The optical receiver is placed at the end of the optical communication link. Although 

many types of receivers are available, the main function of each particular receiver is to 

demodulate and detect the transmitted light, and to convert this light into an electrical signal. 

The receiver type and complexity depends on many factors including modulation format, 

bandwidth, gain, and dynamic range.  

Although not displayed in Figure 2.7, other components used in the communication 

link such as fiber couplers, isolators, circulators, multiplexers, and filters can improve system 

performance or lead to more advanced forms of optical communication such as WDM. Most 

of these additional components are passive devices in that they achieve no gain but can 

induce loss and non-linearities. The following sections detail lasers, MZMs, and EDFAs. 

Section 2.4 is devoted entirely to a literature review of the optical receiver. 

2.2.1 Lasers 
 
 The main light source for an optical communication link is the laser. The word laser 

stands for light amplification by stimulated emission of radiation. For communication links, 

lasers are designed for single-mode, high speed, and high power performance at 1550 nm. A 

well defined single-mode wavelength is needed to limit chromatic dispersion in long haul 
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communication links and to limit cross channel interference in WDM systems. This directly 

leads to a desire for narrow spectral width of the laser [36].  

  

(a)      (b) 
Figure 2.8: (a) Simple Fabry-Perot laser diagram (b) Multimode spectral characteristics 

The simplest type of laser is the Fabry-Perot laser as pictured in Figure 2.8a. In the 

case of the Fabry-Perot laser, a length of active semiconductor gain medium is placed 

between two reflective dielectric mirrors or crystal facets. As light is created, a certain 

number of half wavelengths resonate within the cavity. The number of resonating 

wavelengths or modes, m, is given as: 

 
λ
nLm 2

=  (2.29) 

where n is the index of refraction of the gain medium, L is the distance between the two 

mirrors, and λ is the wavelength of interest [44]. The spacing between these modes, Δλ, is 

found by taking the derivative d/dλ and given as: 
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The width of each of the m number modes separated by Δλ is determined by the quality 

factor, or Q factor, of the laser [32]. The Q factor can be determined by: 
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where fo is the center frequency and Δf1/2 is the full width at half maximum (FWHM) given 

in equation 2.32. 
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The multimode spectrum of the Fabry-Perot cavity is depicted in Figure 2.8b. The gain 

spectrum shown is associated with the medium within the cavity. For the InGaAsP 

semiconductor medium, the gain spectrum is centered on 1550 nm [67]. 

When the gain of the cavity is high and the reflectivity of the crystal facets is 

sufficiently large, the laser oscillates and light is produced at the output. This condition is 

known as the lasing threshold. For a simple Fabry-Perot laser, the output spectrum is 

multimode and consists of only resonant modes within the gain spectrum of the medium. 

Although Fabry-Perot lasers exhibit high speed and high power operation, the 

chromatic dispersion of the multimode spectrum drastically limits performance in long-haul 

communications and the laser cannot meet the requirements for a high performance link. 

Furthermore, the line width is not suitable for WDM applications. Distributed feedback lasers 

(DFB) lasers, invented in 1970 [111] with narrow line widths, direct modulation, and high 

output power, have since replaced the Fabry-Perot lasers [36].  

  
 

(a)      (b) 

Figure 2.9: (a) Distributed feedback laser (b) Single-mode spectral characteristics 
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The distributed feedback laser (DFB), as depicted in Figure 2.9a, provides optical 

feedback that is highly wavelength selective. This allows the realization of a single 

longitudinal mode with a narrow spectral line width on the order of less than 1 MHz [36]. 

The DFB is similar to the Fabry-Perot laser in that it consists of a gain medium between two 

facets. However, light in the DFB is reflected by a distributed periodic grating, or change of 

index of refraction, within the gain region of the waveguide. Light is reflected, amplified, and 

output only if it satisfies the Bragg condition of reflection. 

 
2

o
effn

λ
=Λ  (2.33) 

where neff is the effective index of refraction of the gain medium, Λ is the period of the 

grating, and λo is the Bragg wavelength. If the DFB is designed correctly, a single 

longitudinal mode is passed at the Bragg wavelength [72].  

 The periodic grating within the DFB can be slightly altered by adjusting the 

temperature of the device. This effectively tunes the output wavelength of the DFB. Actual 

devices allow for a 3 nm-10 nm wavelength adjustment or about 0.1nm/oC change for the 

1550 nm semiconductor laser [3, 46]. 

 DFBs are used in most high speed optic systems; however, the increasing density of 

WDM systems is increasing the demand for more widely tunable lasers. In fact, the tunability 

of the transmission laser is desired to span the entire EDFA spectrum of approximately 35 

nm. Such lasers have been demonstrated in research with tunabilities up to 42 nm [14, 20, 

66]. Widely tunable 1550 nm lasers prove to increase functionality, performance, and 

flexibility of the WDM system. 

 

 



 

 24

2.2.2 External Optical Modulators 

In addition to the laser, the transmitter includes either a direct or external optical 

modulator. In the direct case, the laser drive current is encoded with the data which 

effectively consists of turning the laser on and off to create a modulated optical output. In the 

external modulation scheme, the modulated occurs after the output of the laser. Presently, for 

bit rates larger than 10Gb/s, external modulation is used because direct modulation induces 

large amounts of chirp [93].  

The two most common external modulators are the Mach-Zehnder modulator (MZM) 

and the electro-absorption modulator (EAM). The MZM is typically made of lithium niobate 

material and is external to the DFB, while the EAM can be fabricated in the same 

semiconductor (In-P based) as the DFB leading to the monolithic integration of the DFB and 

the EAM. One of the major advantages of the MZM over the EAM is that the MZM is 

capable of operating chirp-free [97]. 

The MZM is a lithium niobate device that relies on interferometer techniques for 

modulation as is illustrated in Figure 2.10. Lithium niobate is used because of its high 

electro-optic coefficient and low optical loss [94]. In this case, continuous wave (CW) light is 

sent into the modulator from a light source (e.g. DFB). The light is equally split into two 

paths of lithium niobate and recombined at the output. Because lithium niobate is an electro-

optic material, the index of refraction of one path can be altered by applying voltage to it. A 

change in index of refraction causes an alteration in the light’s phase. When the light from 

the two paths is recombined, variable interference occurs. If the two paths of light are 

completely in phase, constructive interference occurs and peak intensity is output. If the light 

is out of phase by pi radians, destructive interference occurs, causing light to be dispersed 
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throughout the substrate; therefore, no intensity is output. If an electrical sinusoidal input of 

the correct drive strength is applied, the MZM creates pulses out of the CW light at a 

specified bit rate [94].  

CW Light In

RF In

DC Bias

Single Drive

Pulses Out

 

Figure 2.10: Basic Mach-Zehnder Modulator Schematic 

Although Figure 2.10 illustrates the basic single drive MZM, a dual drive MZM can 

be implemented to work in a push-pull type configuration. The push-pull dual drive MZMs 

are most prevalently used for high speed, long distance fiber links because they can be 

designed for zero chirp or negative chirp operation, thus, minimizing fiber dispersion. The 

dual drive configuration also lowers the drive voltage and power consumption of the 

modulator. NTT Photonics reports a 4.5 x 0.8 mm dual drive lithium niobate MZM operating 

in a 40 Gb/s system. Figure 2.11 details the cross-section, schematic, and packaging of this 

device [97].  

 

Figure 2.11: Cross section, schematic top view, and package view of dual drive lithium 
niobate MZM [97] 
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 As previously mentioned, another common type of modulator is the electro- 

absorption modulator (EAM). The EAM is semiconductor based and can be monolithically 

integrated with the DFB. EAMs offer lower drive voltages and smaller chip size, which can, 

in turn, lower the overall size of the complete transmitter. While MZMs are usually used for 

high-speed, long-distance links, the EAM can be used in situations where short links are 

needed [97]. Furthermore, operation speeds of 40 Gb/s have also been reported for the 

integrated DFB and EAM making the EAM a possible alternative to the MZM when chirp is 

not a limitation [86].  

 The basic structure of an EAM consists of several InGaAsP quantum wells [86]. The 

bandgap of these quantum wells is higher than the incoming photons under normal 

conditions, allowing light to propagate through the material. When an electric field is 

applied, the semiconductor bandgap is lowered, causing full absorption of incoming light. 

This effect, known as the Franz-Keldysh effect, allows for the modulation of light in the 

EAM [64]. Figure 2.12 details the schematic of the lumped electrode EAM and DFB. The 90 

x 2 μm2 EAM integrated with a 450 μm long DFB has been reported to operate at 40 Gb/s. 

Another structure includes a traveling-wave electrode EAM designed to overcome the 

lumped electrode’s speed limitations. This device, when integrated with a DFB laser, 

exhibited a bandwidth greater than 50 GHz [86].  

 
 

Figure 2.12: Monolithically integrated lumped electrode EAM and DFB laser [86] 
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2.2.3 Erbium Doped Fiber Amplifiers 

 Before optical amplifiers were available, multiple opto-electric regenerators were 

used in long-haul fiber systems to compensate for loss in the fiber. In addition to being very 

expensive, these regenerators are not robust to bit rate or modulation type. Therefore, any 

upgrades in transmission required a multitude of regeneration terminals to be upgraded. 

Furthermore, WDM was unfathomable using only opto-electric regenerators due to the sheer 

cost of implementing such a large number of terminals. After the invention of the EDFAs in 

1987 [111], opto-electric regenerators could be placed further apart as EDFAs were used to 

increase the length of the fiber between regeneration spans. This sparked the WDM 

revolution where many opto-electric generators could be eliminated due to increased span 

length, making WDM a cost efficient solution [41].  

 The most common optical amplifiers are comprised of a length of optical fiber doped 

with rare earth elements such as erbium, ytterbium, neodymium, or praseodymium. Optical 

amplifiers of different rare earth elements in coordination with different types of fiber exhibit 

different amplifier properties. The single most common optical amplifier is the EDFA, which 

consists of a silica fiber doped with erbium ions (Er+3) [41]. The EDFA has a gain spectrum 

of 1525-1570 nm, which is conveniently centered on the low loss spectrum of silica fiber 

[72]. The EDFA can be used to amplify optical signals, within its gain spectrum, of any bit 

rate or modulation format. Most importantly, the EDFA can be used to amplify multiple 

channels or wavelengths at the same time in coordination with WDM [41]. The amplifiers 

are typically placed along the fiber channel as needed, but can also be placed at the output of 

the transmitter or at the input of the receiver. 
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 The principle of operation of the EDFA is to create population inversion which, in 

turn, leads to gain. The pump laser usually has a 980 nm wavelength; however, 1480 nm 

pumps are also used in EDFAs. 980 nm pumps are known for higher population inversion 

and lower noise figure, while 1480 nm pumps have higher quantum efficiency, when 

comparing pump power to signal power, and higher output power [36]. To understand the 

operation of the EDFA, a three band energy diagram is presented in Figure 2.13. Here, E1 < 

E2 < E3. Each band of energies consists of closely spaced energy levels of erbium ions in 

silica. The spreading of individual energy levels into a continuous energy band is known as 

Stark splitting [41]. Any photon of energy hv = E2 – E1 can be amplified. Because many 

energy levels exist for each band, a broad range of energies can be amplified. This leads to 

the EDFA gain spectrum of 1525-1570 nm [72]. The continuous bands have been labeled 

ground, metastable, and pump for E1, E2, and E3 respectively.  

 

Figure 2.13: Three band energy diagram for EDFA 

 The amplification process can be split up into three stages – pumping, population 

inversion, and stimulated emission or gain. During the pumping stage, a pump laser excites 

erbium ions from the ground state to the pump band. The excited ions then quickly decay to 

the metastable band by way of spontaneous emission. Because the lifetime of this decay is 

very short (1 μs) as compared to the lifetime of decay between the metastable band and 
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ground band (10 ms), population inversion occurs between E1 and E2. This population 

inversion directly leads to gain. As photons pass into the device, stimulated emission occurs 

causing a single photon to emit multiple new photons of the same energy, direction, and 

polarization [41].  

 Two important characteristics of the EDFA are gain flatness and gain spectrum. Gain 

flatness is critical in WDM systems, so that all channels or wavelengths have the same level 

of gain independent of wavelength. Although this is not the case in the typical EDFA as seen 

in Figure 2.14, many techniques are available to increase the overall gain flatness. Filters can 

be placed inside the amplifier to reduce peak gains or different types of fibers can be used 

such as fluoride glass to improve natural flatness [13]. Commercial optical amplifiers rely on 

multiple stages and feedback mechanisms and can achieve 0.1 db gain flatness over the entire 

C-band [30, 74, 87]. For single stage amplifiers, broad spectrum pump sources have been 

investigated as a possibility to increase gain flatness [5].  

 

Figure 2.14: Gain of typical EDFA as function of wavelength and pump power [72] 

 Gain spectrum is also of importance for WDM applications. If the spectrum of the 

EDFA increases, more channels can be implemented, thus increasing the overall bandwidth 

and capacity of the system. Typical EDFAs operate in the C-band (1525-1570 nm) of optical 
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fiber. Investigations on L-band (1570-1620 nm) EDFAs [11, 70, 99] and very wide band 

EDFAs covering both the C and L-bands (1525-1620 nm) for WDM channels have been 

reported using either different dopant elements or novel design [35, 60, 103]. 

2.3 Modulation Formats 

 Figure 2.15 provides a detailed summary of the advanced optical modulation formats 

available in fiber communication systems with optical spectra and intensity eye diagrams. 

The figure includes return-to-zero and nonretrun-to-zero on-off-keying (RZ, NRZ-OOK), 

carrier-suppressed (CS)RZ-OOK, chirped (C)RZ-OOK, duobinary (DB), RZ-alternate-mark 

inversion (RZ-AMI), vestigial sideband (VSB)-NRZ-OOK, VSB-CSRZ-OOK, NRZ and RZ 

differential phase shift keying (NRZ / RZ-DPSK), and NRZ and RZ differential quadrature 

phase shift keying (NRZ / RZ-DQPSK).  

 

Figure 2.15: Optical spectra and intensity eye diagrams for various modulation formats [93] 

From those presented, each format can be classified as either intensity modulation or 

phase modulation depending on how the data is encoded. In intensity modulation, the power 
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is switched between a maximum and a minimum to carry data. Examples of intensity 

modulation include OOK, DB, and AMI. In phase modulation, data is encoded as phase 

changes between adjacent optical bits. An example of phase modulation is differential phase 

shift keying DPSK or differential quadrature phase shift keying DQPSK [93]. Since most 

optical receivers use photodiodes which are inherently phase insensitive for optical detection, 

they can only directly detect intensity modulated signals. If phase modulation is implemented 

at the transmitter, the optical signal must first be demodulated into intensity modulation 

before detection at the receiver [24].   

The present work focuses on differential phase shift keying as it offers a 3-dB 

sensitivity advantage over OOK modulation when using balanced detection, allowing for the 

extension of transmission distances or reduction of optical power requirements in fiber 

communication systems. Furthermore, it is limited to NRZ-DPSK, as NRZ-DPSK links have 

already proved to be a quality choice for data rates from 10 to 42.7 Gb/s, achieving  record 

transmission distances in long-haul communication links [9, 24, 101]. 

2.3.1 On-Off Keying 

 In NRZ-OOK systems, the data is intensity modulated which is equivalent to optical 

energy in the ‘1’ bit slot and no energy in the ‘0’ bit slot. Since the data is intensity 

modulated (no information on the phase), photodiodes can directly translate the optical signal 

to an electrical current at the receiver.  

This concept also applies to the RZ-OOK case. Here, optical pulses are present for 

‘1’s and nonexistent for ‘0’s. A simple RZ-OOK system is shown in Figure 2.16.  
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Figure 2.16: Simple RZ-OOK system diagram 

In this schematic, CW light is carved into pulses of a specified bit rate by a MZM driven with 

an electrical sinusoid. This MZM is sometimes referred to as the ‘pulse carver’. Pulses of 

different duty cycle (33, 50, 67%) can be carved by changing the bias and drive voltages of 

the pulse carver. Data is then encoded over these pulses with a second MZM creating the RZ-

OOK signal. The optical signal is sent through a length of SMF to the receiver, where it is 

detected and amplified [93].  

2.3.2 Differential Phase Shift Keying 

 DPSK offers a 3-dB sensitivity advantage over OOK modulation when using 

balanced detection. This advantage comes from the fact that for the same average optical 

power, there is 2 increase in symbol distance over OOK that can extend transmission 

distances or reduce optical power requirements in a communication system [24]. DPSK can 

also be more robust to fiber nonlinearities, as the DPSK peak intensity is lower for the same 

average optical power as OOK. However, unwanted intensity modulation converted into 

phase modulation still limits the DPSK system. This is known as the Gordon-Mollenauer 

effect and is detailed in [42-43]. Both NRZ and RZ formats are available in DPSK; however, 

RZ-DPSK is more robust to ISI, fiber nonlinearities, and PMD [9, 93].  
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In DPSK systems, data is encoded by the phase change between adjacent bits. If no 

phase change exists between adjacent bits, a logical ‘1’ is detected. If there is an exact pi 

phase change between adjacent bits, a ‘0’ is detected. Because most standard photo detectors 

are phase insensitive, the phase modulated signal must first be demodulated into an intensity 

modulated signal before detection. This demodulation is done by way of a 1-bit delay 

interferometer (DI). In the DI, the DPSK signal is split into two equal signals. One of these 

signals is then delayed by exactly 1 bit as compared to the other. The two signals are 

interfered and either constructive or destructive interference occurs. If there is no phase 

change between adjacent bits, a pulse will be output on the constructive interference port. If 

there is an exact pi phase change between adjacent bits, a pulse is output on the destructive 

interference port. This effectively converts the phase modulated signal into two logically-

inverted intensity modulated signals. These two signals can then be detected by using a 

balanced receiver – the basis of this thesis research.  

 A simple RZ-DPSK system is shown in Figure 2.17.  
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Figure 2.17: Simple RZ-DPSK system diagram 

In this schematic, CW light is carved into pulses at the desired bit rate by a MZM driven with 

an electrical sinusoid. Data is then encoded onto the pulses by changing the phase between 

adjacent pulses by way of a second MZM. A dual drive MZM is used for data modulation to 

ensure an exact pi phase change when needed. This MZM is driven such that it allows for 

zero-chirp operation [24]. After encoding the data, the DPSK modulated signal is sent 

through a length of fiber to the receiver. As previously mentioned, the signal is demodulated 

at the receiver by way of a 1-bit DI. The most common DI is the integrated MZM delay 

interferometer [24], but other forms include a free space Michelson interferometer approach 

[49], and an innovative solution using a length of polarization maintaining fiber and 

polarizing beam splitter [12]. After the light is demodulated into two logically-inverted 

intensity modulated signals, it can be detected and amplified by a balanced receiver.  
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2.4 The Optical Receiver 

2.4.1 Introduction 

The main function of the optical receiver is to demodulate and detect the transmitted 

light, and to convert it into an electrical signal. The different components used in receiver 

depend on many factors including the modulation format and bit rate of the system.  

 

Figure 2.18: Outline of the optical receiver 

 Figure 2.18 provides the general outline of the optical receiver with five major 

components. The first is an optional optical preamplifier. Optical preamplifiers are often used 

in long-haul communication systems to improve the sensitivity of the receiver. However, in 

addition to increasing sensitivity, optical preamplifiers induce unwanted output noise caused 

by spontaneous emission within the amplifier that can increase the ISI in the receiver [36]. 

The next component listed is the demodulator. The modulation format of the system dictates 

the need for a demodulator at the receiver. Any phase modulated signal must first be 

converted into an intensity modulated signal before detection by the photodiodes. As 

discussed in section 2.3.2, a 1-bit delay interferometer is used to demodulate DPSK data [24]. 

Rather than using a preamplified receiver, this thesis will consider sensitivity 

improvement by integrating the next two major components – the photo detector and the 

front-end amplifier. The photo detector is responsible for converting the optical signal into an 
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electrical signal, while the front-end amplifier amplifies the output of the photo detector to an 

acceptable level for the post amplifier and decision circuit. Among the more popular photo 

detector choices are PIN photodiodes (PIN-PD), vertically illuminated photodiodes (VIPD), 

waveguide photodiodes (WGPD), distributed photodiodes, and avalanche photodiodes 

(APD). Each will be discussed in detail in section 2.4.3. Two major types of front-end 

amplifiers exist – the high impedance amplifier and the transimpedance amplifier. Most 

commonly, the front-end amplifiers incorporate heterojunction bipolar transistor (HBT) or 

high-electron-mobility transistor (HEMT) technology. Front-end amplifiers will be discussed 

in Section 2.4.4. The final component of the receiver is the decision circuit which is used for 

post electronic processing. Decision circuitry depends on the modulation format and is used 

to evaluate the data seen at the output of the front-end receiver.  

 Different receiver configurations can be used in an optical communication link 

depending on the applications (modulation format, data rate, distance, cost, etc.). Figure 2.19 

and Table 2.2 illustrate some reported experimental receivers and their corresponding 

sensitivities, where sensitivity is defined as the average optical power required to achieve a 

bit-error-rate (BER) of 10-9 at a given bit rate. It should be noted that unless otherwise stated, 

results are presented for a 1550 nm OOK optical link. Also, each receiver is classified as 

either a monolithic optoelectronic integrated circuit (OEIC) or hybrid.  
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Table 2.2: Experimental receiver sensitivity  

Bitrate 
(Gb/s) 

Sensitivity 
(dBm) 

OEIC /  
Hybrid 

Receiver  
Topology 

Receiver  
Technology 

DPSK? Ref 
 

10 -16.1 
 

OEIC 
 

WGPD + TIA 
InAlAs-InGaAs 

HEMT 
 

NO [84] 

10 -17.3 
 

OEIC 
 

PIN + TIA 
InAlAs / InGaAs 

HEMT 
 

NO [2] 
10 -19.0 Hybrid PIN + TIA Ga1nP:GaAs HBT NO [79] 

10 -19.2 
 

OEIC 
 

PIN + TIA 
InAlAs / InGaAs 

HEMT 
 

NO [47] 
10 -20.4 OEIC PIN + TIA InP-InGaAs HBT NO [51] 

10 -23.5 
 

Hybrid 
PIN + 3 Stage CS 

amplifier * HEMT 
 

NO [100] 

10 -26.0 
 

Hybrid 
 

APD + TIA 
GaAs HEMT / SiGe 

HBT 
 

NO [34] 
10 -28.1 Hybrid APD + TIA InGaP/GaAs HBT NO [98] 
10 -30.0 Hybrid APD APD NO [63] 
10 -29.5 Hybrid APD + TIA SiGe HBT NO [58] 

10 -43.7 
 

Hybrid 
EDFA + PIN + 
Front End Amp Balanced PIN 

 
YES [4] 

40 -8.0 
 

Hybrid 
WGPD + TIA + 
Limiting Amp InP / InGaAs HBT 

 
NO [6] 

40 -8.4 
 

OEIC  
WGPD + Diff 

Distributed Amp InP HEMT 
 

YES [76] 

40 -9.4 
 

OEIC 
 

PIN + TIA InP HBT 
 

NO [45] 
40 -11.2 OEIC WGPD + TWA GaAs pHEMT NO [89] 

40 -25.0 
 

OEIC 
Optical Preamp 
(SOA) + PIN ** SOA + PIN 

NO 
[78] 

40  -27.5 

 
 

OEIC 

Optical Preamp + 
UTC-PD + 

HEMT IC *** InP HEMT 

 
 

NO [77] 

40 -35.7 
 

Hybrid 
EDFA WGPD + 

Diff TWA SiGe HBT 
 

YES [80] 

42.7 -36.2 
 

Hybrid 
Optical Preamp + 

Diff TIA TIA 
 

YES [23] 

42.7 -37.0 
 

Hybrid 
Optical Preamp + 
Diff Linear Amp SiGe Linear Amp 

 
YES [81] 

50 -7.6 Hybrid UTC-PD + TIA InP HEMT NO [22] 

50 -22.7 

 
 

OEIC 

WGPD + 
Distributed 

Baseband Amp 
InAlAs-InGaAs-

HEMT 

 
 

NO [85] 
* CS: Common Source 

** SOA: Semiconductor Optical Amplifier 
*** UTC: Unitraveling-carrier Photodiode 
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Figure 2.19: Experimental receiver sensitivity  

As Figure 2.19 displays, receivers with low sensitivity have already been 

implemented. The focus of this thesis is the design, analysis, and simulation of an innovative 

receiver for a high-speed DPSK optical communications link – specifically a receiver 

consisting of two balanced WGPDs integrated with a differential TIA HBT front-end 

amplifier for a 40 Gb/s DPSK long-haul communication link.  

2.4.2 Defining Receiver Performance Parameters 

 Before the receiver can be designed and analyzed, it is best to define certain 

parameters that provide a measure of how well a receiver performs. Performance of the 

receiver can be split up into three categories: photo detector performance, front-end amplifier 

performance, and entire receiver performance.  

 The photo detector performance depends on parameters defined by quantum 

efficiency, responsivity, and the gain-bandwidth product. The quantum efficiency, η, is 

defined as the number of carriers generated per incident photon proportional to the ratio of 
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absorbed optical power, Pabs, to incident optical power, Pin. It varies between zero and one, 

with one being ideal, and is a function of the photo detector material’s absorption coefficient, 

α. The absorption coefficient is a measure of how well a material absorbs light and is highly 

wavelength dependent. Therefore, quantum efficiency is also a function of wavelength. 

 
in

abs

P
P

=η  (2.34) 

The second major performance parameter of the photo detector is the responsivity of the 

detector. Responsivity, RA/W, is the ratio of average output current, Ip, to incident optical 

power, Pin.  

 
in

p
WA P

I
R =/  (2.35) 

Responsivity can also be expressed in terms of wavelength by realizing that only a percent of 

incident light is converted into electrical current, as dictated by the quantum efficiency. 

Therefore, RA/W, in terms of A/W, can be expressed as: 

 
24.1/

ηληλ
==

hc
eR WA  (2.36) 

where e is the charge of an electron, h is plank’s constant, and λ is the wavelength of 

operation in μm. If the efficiency is close to 1, responsivities of 1.25 can be achieved for 

1550 nm detectors.  

 For the gain-bandwidth product, the bandwidth is defined as the amount of spectrum 

that photo detector can detect before its gain profile falls off by 3-dB. The gain, G, of the 

photo detector is simply the ratio of converted input optical power to output electrical power. 

Most PIN or Schottky-barrier type photodiodes have a gain of almost unity; however, 

avalanche photodiodes have the distinct property of very high or even infinite gain. The gain-
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bandwidth product is the multiplication of the gain and bandwidth of a photo detector. It is 

useful because there usually exists an inherent tradeoff between gain and bandwidth in the 

photo detector. It can be noted here that some photodiodes also have tradeoffs between 

bandwidth and efficiency. Therefore, some sources site a bandwidth-efficiency product as a 

means for measuring performance of the photo detector.  

 Now that the photo detector has been discussed, performance parameters for the 

front-end amplifier will be determined. These parameters include dynamic range, low 

frequency gain, bandwidth, unity gain frequency, and the scattering parameters.  

 Optical dynamic range is defined as the difference between the smallest and largest 

current values that can be successfully amplified by the front-end amplifier. This becomes 

important when the input power to the photo detector is not a constant value. The low 

frequency gain is the gain of the amplifier when operating just above 0 Hz. The bandwidth of 

the front-end amplifier is again defined by the 3-dB frequency (frequency at which gain rolls 

off by 3-dB). The unity gain frequency is the frequency at which the gain is 1 or 0-dB.   

 Determining the scattering parameters (S-parameters) is an effective means for 

understanding front-end amplifier performance. They provide a complete description of an 

amplifier with a total number, N, of input and output ports. To accomplish this task, the 

scattering parameters relate the voltage waves incident on the ports to those reflected from 

the ports. The scattering matrix which defines these reflections is given as: 

 

⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡

⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢

⎣

⎡

=

⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡

+

+

+

−

−

−

NNNN

N

N V

V
V

SS

S
SSS

V

V
V

M

L

M

M

L

M
2

1

1

21

11211

1

1

 (2.37) 



 

 41

where +
xV is the amplitude of the voltage wave incident on port x, and −

xV is the amplitude of 

the voltage wave reflected from port x [71]. Any element in this matrix can be found by: 

 
jkforVj

i
ij

k
V
V

S
≠=

+

−

+

=
0

 (2.38) 

For a simple two port amplifier, the four S-parameters correspond to four important 

characteristics of the amplifier [71]. These are listed below.  

S11 = Input reflection (A well matched amplifier is defined as an amplifier with S11 < 

-10-dB) 

S22 = Output reflection (A well matched amplifier is defined as an amplifier with S22 

< -10-dB) 

S21 = Gain of the amplifier 

S12 = Reflection from output to input 

The transimpedance, TZ, of an amplifier can also be determined from the S-parameter as 

shown in equation 2.39. 

 ( )11

210

1 S
SZ

TZ
−

=  (2.39) 

Here, Z0 is the characteristic impedance of the system. Normally, Z0 is set to 50 Ohms. 

 Now that the performance parameters for the individual photo detector and front-end 

amplifier have been discussed, parameters of the entire receiver can be defined. These 

parameters include sensitivity, bit-error-rate (BER), and the ‘openness’ of the eye diagram. 

Sensitivity has already been used to compare multiple receivers in Figure 2.19 and Table 2.2. 

It was defined as the average optical power required for achieving a certain bit-error-rate 

(BER) at a desired bit rate. BER is simply defined as: 
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Bit

ErrorsBER #
=  (2.40) 

Most communication link standards require a BER of 10-12 while transmitting a pseudo-

random bit sequence (PRBS) of length 231-1 [36].  

 Eye diagrams provide a visual identification for the quality of the received signal. In 

an eye diagram, received bit periods are superimposed on top of each other and aligned to a 

common timing reference. The vertical eye opening is the margin for voltage errors, while 

the horizontal opening is the margin for timing errors. The size of the opening indicates the 

amount of voltage and timing margin available to sample the signal. The eye is considered 

‘open’ if these voltage and timing margins are within specifications set for the receiver. The 

tradeoff between the voltage and timing margins that can be exploited to ensure the eye is 

open in both directions. An example eye diagram is given in Figure 2.20 [16].  

 

Figure 2.20: Example eye diagram 

One additional highly important performance parameter is noise. Noise will not be 

defined in this chapter; however it will be discussed in chapter 5 of this thesis. At this point, 

enough is known about the receiver performance to discuss possible receiver configurations. 
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This discussion will follow in the next three sections followed by section 2.4.6 which gives 

the general outline for the DPSK receiver analyzed in this thesis. 

2.4.3 The Photo Detector 

 As previously mentioned, popular choices for the photo detector include vertically 

illuminated photodiodes (VIPD), waveguide photodiodes (WGPD), distributed photodiodes, 

and avalanche photodiodes (APD). Each of these diodes is a more complex version of the 

simple the PIN photodiodes (PIN-PD). This section details the operation of each detector.  

2.4.3.1 PIN Photodiode 

High speed, high responsivity, low cost, and small size and weight make the PIN-PD 

an attractive choice when dealing with optical detecting applications. Furthermore, the 

bandgap of the materials used to make these detectors can be matched to wavelengths used in 

many high speed optical applications, such as in the case of InGaAs and InGaAsP material 

allowing detection of 1550 nm light [44]. Before more advanced types of PIN photodiodes 

can be introduced, the basic operation of the PIN photodiode should be discovered. 

 

Figure 2.21: Typical 1550 nm photodiode in photoconductive mode [25] 

As seen in Figure 2.21, the PIN-PD is composed of three layers – the P layer, the I 

layer, and the N layer. Most commonly a double heterojunction, or two junctions of 

completely different semiconductors, is implemented. This ensures that light is only absorbed 
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in the I layer of the device. The P layer is heavily doped with acceptors, while the N layer is 

heavily doped with donors. Both can be composed of InP in the case of 1550 nm detection. 

The I layer is an intrinsic region that is theoretically undoped. It is composed of InGaAs or 

InGaAsP in the case of 1550 nm detection. When a voltage, VR, is applied to the device, the 

device is operated in reverse bias with a typical load impedance, RL, of 50 Ω [39]. This 

reverse bias operation produces an electric field in the intrinsic region which creates a region 

where no free carriers exist [25]. This region is known as the depletion region, W, and is 

given in equation 2.41.  

 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

+
=

da

appliedbi

NNq
VV

W 11)(2ε
 (2.41) 

where Vbi is the electric potential, Vapplied is the applied voltage, and Na and Nd are the 

acceptor and donor concentrations respectively [44]. As VR is increased, the depletion width 

increases until it equals that of the intrinsic width [25]. 

When light shines into the I region of the device, photons are absorbed. Light is not 

absorbed by the P or N regions because their material is transparent to the wavelength of 

interest, i.e. the band gap energy of the P and N region is purposely too large. The absorption 

process provides enough energy so that an electron moves from the valence band to the 

conduction band; thus, causing the creation of an electron-hole pair. Current is produced 

when the electron-hole pair is separated by the electric field, causing the electron to diffuse to 

the P region and the hole to diffuse to the N region [25]. As incident light increases, the 

produced photocurrent also increases. Figure 2.22 depicts the operation of the photodiode 

with increasing light. The current can be given as: 

 P
hv

eis
η

=  (2.42) 



 

 45

 

Figure 2.22: Current-voltage characteristic of a p-n junction [32] 

The two major performance affecters are the RC time constant and the drift transient 

time. Each contributes to the overall response time or bandwidth of the photodiode. First, as 

in the case of any diode, the PIN-PD has an intrinsic resistance, RS, and capacitance, C. The 

intrinsic resistance is due to the bulk and spreading resistance of the device. However, in 

most cases, this resistance is negligible when compared to the resistance of the load. The 

parallel plate capacitance is given in the below equation with A being the area of the detector 

[44]. 

 
W
AC ε

=  (2.43) 

Knowing the resistance and capacitance of the diode allows for the calculation of the RC 

time constant, tRC = 2.2 RLC. If this RC time constant is small, the response time of the 

device decreases, causing bandwidth to increase [25]. 

The second major performance affecter is the drift transient time. As electron-hole 

pairs are created in the depletion region, the electrons drift to the P layer, while the holes drift 

to the N layer. The time it takes for this drift to complete is the drift transient time. If this 

time is short, the response time of the device decreases, causing bandwidth to increase [44]. 
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The transient time is given as tdrift = 0.79 W / Vs, where Vs is the saturation velocity of the 

electrons [25]. 

As one can conclude, there is an intrinsic tradeoff between the time constant and the 

drift transient time. If W is increased, the capacitance of the devices decreases allowing for 

shorter response times. At the same time, as W is increased, the transient drift time is 

increasing creating longer response times. Therefore, to allow for the optimal condition, the 

time constant must be set equal to the drift transient time. This is seen in the below equation 

where ttotal is the total response time [44]. 

 driftRCtotal ttt 222 +=  (2.44) 

 driftRC tt =  (2.45) 

If the time constant and the drift transient time are set equal to one another, the shortest 

response time allowed is found, t = 1.11 W / Vs . This allows for the maximum bandwidth of 

the PIN-PD [25].  

2.4.3.2 Vertically Illuminated Photodiode 

Now that the general operation of a simple PIN photodiode along with its major 

design tradeoff has been realized, more complex photodiodes can be introduced that are 

capable of receiving signals of 10-Gb/s and above [38]. 

 

 

 

 

 

Figure 2.23: Vertical illuminated photodiode [38] 
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The vertically illuminated photodiode is provided in Figure 2.23. Here, the photon is 

sent vertically into the bottom of the device. The photon then passes through the N layer and 

into intrinsic layer (below the P layer), where it is absorbed. Upon absorption, current is 

produced in the same manner as previously explained. Based on Bower’s analysis, the 

frequency response can be given by the following equation for an arbitrary αL [6].  
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“where i is the detected current, ω is the angular modulation frequency, tn(=L/vn) and tp 

(=L/vp) are the electron and hole transit times, respectively, and vn, and vp are the electron 

and hole velocities, respectively” [6]. 

The above frequency response is directly related to the electron and hole transit times. 

It shows that the best frequency response can be achieved with small transit times. These 

transit times can be decreased by decreasing the thickness of the I layer. However, as 

previously determined, decreasing the thickness of the I layer increases the capacitance or 

RC time constant of the circuit. Therefore, the tradeoff is again exhibited in this particular 

case of the vertically illuminated photodiode [6].  

 

Figure 2.24: Plot illustrating tradeoff between thickness and bandwidth. (As the thickness 
decreases for a particular device, BW increases. However, once the thickness passes the point 

at which the time constant equals the transient time, BW begins to suffer) [6] 
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Another problem can be discovered for the vertically illuminated photodiodes. As the 

I layer is decreased, the quantum efficiency of the photodiode is also severely decreased. 

This creates an additional intrinsic tradeoff. As bandwidth increases for the vertically 

illuminated photodiode, the quantum efficiency diminishes [6]. This particular tradeoff is 

illustrated below in Figure 2.25. 

 

Figure 2.25: Bandwidth versus quantum efficiency tradeoff [6] 

The tradeoff between bandwidth and quantum efficiency can be quantitatively 

analyzed by way of the bandwidth-efficiency product. The below equations illustrate this 

concept for a single pass vertically illuminated photodiode working at very high speeds with 

a thin absorbing layer. 

 LReR L αη α )1()1)(1( −≈−−= −  (2.47) 

where the internal quantum efficiency of the detector is found with R as the Fresnel 

reflectivity [6].  The bandwidth is given as: 

 
L

vfBW t
45.0

≈=  (2.48) 

where v is the carrier saturation velocity and L is the carrier transit distance [44]. Finally, the 

bandwidth-efficiency product can be given as follows. 
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 )1(45.0 Rvft −= αη  (2.49) 

Since the saturation velocity and Fresnel reflectivity do not change, a large absorption 

coefficient must be chosen to achieve high bandwidth-efficiency products.  

In addition to using high absorption materials, there is another way to further increase 

bandwidth in vertically illuminated photodiodes. This method is known as the “double-pass 

scheme” and is illustrated in Figure 2.26 [39]. When fabricating the detector, a highly 

reflective P contact is used. As light passes through the detector, some is absorbed in the 

intrinsic region as previously discussed. Light that is not absorbed moves to the P contact, 

where it is reflected back towards the intrinsic layer allowing for additional absorption. This 

double pass scheme can further increase the efficiency of the detector and the bandwidth-

efficiency product. The effect is shown mathematically below where r is the reflection 

coefficient of the P contact [39]. 

 Lrere LL αη αα )1()1)(1( +≈−+= −−  (2.50) 

The bandwidth-efficiency condition becomes: 

 )1(45.0 rvft += αη  (2.51) 

Therefore, using the double-pass scheme (Figure 2.26) allows for the bandwidth-

efficiency product to be increased by a (1+r) factor. In real life applications, an obtainable 

bandwidth-efficiency product is somewhere in the range of 20-35 GHz [39]. Although this 

provides for higher bandwidths at higher efficiency’s, it does not solve for the problem of the 

tradeoff between the two. Thus, both factors still limit each other. Another type of detector 

must be realized if the bandwidth and efficiency are to be taken independent of one another, 

allowing for high speed detection. 
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Figure 2.26: Double-pass vertical illuminated photodiode [38] 

2.4.3.3 Waveguide Photodiode 

The next photodiode under study is known as the edge illuminated or waveguide 

photodiode (WGPD). This detector is displayed in Figure 2.27.  

 

Figure 2.27: Vertical illuminated photodiode (b) Waveguide photodiode [38] 

In this case, the photons are sent through the edge of the device. The photons then move into 

a waveguide region where an active layer is sandwiched between two transparently doped 

intermediate bandgap layers, creating a double-core multimode waveguide. The active layer 

is a thin layer of material (thickness of d) that is very long in structure (length of L). 

Absorption occurs as the light moves down the waveguide. Because the electrical signal 
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created by absorption still moves vertically through the thin active layer, drift transit times 

are very low allowing for high bandwidths [39]. Furthermore, because light can be absorbed 

through the length of the waveguide, quantum efficiency increases. In fact, this causes the 

two main parameters, bandwidth and quantum efficiency, to be strictly independent of each 

other. Efficiency is determined by the length of the waveguide (αL), while bandwidth is 

determined by the depth. Neither is interrelated, as was the problem with vertically 

illuminated photodiodes [6]. 

Although the WGPD solved the major problem of the vertically illuminated 

photodiodes, it still has limitations. Bandwidth of the WGPD is again limited by the RC time 

constant. This is shown below in the equation below. 
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Mathematically, it is shown that the bandwidth is controlled by fCR, when this value is 

smaller than ft. Thus, the goal here is to decrease C to its lowest value to get the highest 

overall bandwidth. However, this creates a tradeoff for the WGPD. As C decreases, RS tends 

to increase, offsetting any improvement the decrease in capacitance brought about [39].  

To solve the problem of this tradeoff between the device resistance and capacitance, a 

new structure was used in fabricating the WGPD. This structure is known as the mushroom-

mesa structure (Figure 2.28) [38]. Here, the sandwiched layers above and below the active 

layer are made wider than the active region. This allows for both a small capacitance and a 

small device resistance. Therefore, this new design maximizes the bandwidth of the WGPD. 
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In real life applications, an obtainable bandwidth-efficiency product is somewhere in the 

range of 70-90 GHz [39]. 

 

Figure 2.28: Mushroom-mesa waveguide photodiode [38]. 

The bandwidth-efficiency product of the double-core multimode mushroom-mesa 

waveguide photodiode can now be compared to that of the double-pass vertically illuminated 

photodiode. This comparison was done graphically by Kato and is reproduced below. 

 

Figure 2.29: Bandwidth versus quantum efficiency for the vertically illuminated photodiode 
and waveguide photodiode [39]. 

As this plot shows, for low bandwidths, both the vertically illuminated photodiode 

and the WGPD have similar high efficiencies. However, as bandwidth increases, the 

efficiency of the vertically illuminated photodiode drops off dramatically. This is due to the 
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bandwidth-efficiency tradeoff as previously discussed. The WGPD has a constant high 

efficiency for bandwidths up to approximately 90 GHz. At larger than 90 GHz bandwidths, 

the efficiency of the device begins to drop off due to the tradeoff between capacitance and 

quantum efficiency.  

2.4.3.4 Distributed Photodiode and Avalanche Photodiode 

 Although suitable photodiodes have been discussed, two other photo detector options 

are worth mentioning – the distributed photodiode and the avalanche photodiode. The 

distributed photodiode aims to reduce the RC limitation found in the WGPD by distributing 

the capacitance through an electrical transmission line. The transmission line is terminated 

with matching impedances effectively allowing bandwidth to be independent of capacitance. 

Two types of distributed photodiodes have been researched – the traveling-wave photodiode 

(TWPD) and the periodic TWPD (P-TWPD) structure. In the TWPD case absorption of light 

occurs down the length of an optical waveguide which is parallel to an electrical transmission 

line. In the P-TWPD, light is absorbed by a periodic set of photodiodes intermediately 

distributed within an optical waveguide, which is parallel to an electrical transmission line. In 

both distributed photodiodes, the bandwidth is limited by the mismatch between the phases 

of the optical and electrical waves. Matching these phases can dramatically increase the 

bandwidth of the photodiode. This is seen in equation 2.54. 
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where fPM is the bandwidth limit due to optical-electrical phase mismatch [39]. Distributed 

photodiodes have been reported with a bandwidth of 78 GHz with an internal efficiency of 

0.55 [21].  



 

 54

 The final photodiode mentioned is the avalanche photodiode. This photodiode 

generates a multitude of electrons for the absorption of one photon. This process is known as 

avalanche multiplication. The gain of the APD can be quite high and even reach infinity 

during avalanche breakdown. However, bandwidth is limited in the APD by the multiple 

transit times of carriers generated during the gain process [36]. 

2.4.4 The Front-End Amplifier 

 The main function of the front-end amplifier is to amplify the electrical signal output 

from the photodiode to a usable level. This amplifier should be designed for low noise, good 

transient behavior, high bandwidth, high gain, and a flat gain response. Front-end amplifiers 

can be split up into two major types – the high impedance amplifier and the transimpedance 

amplifier. Both types can be designed in a variety of technologies including, but not limited 

to field effect transistors (FETs), high electron mobility transistors (HEMTs), heterojunction 

bipolar transistors (HBTs), and double heterojunction bipolar transistors (DHBTs). 

Furthermore, both types of amplifiers are available in a multitude of circuit topologies (single 

ended, cascade, common emitter, fully differential, bootstrapped, etc.). Finally, front-end 

amplifiers can be discrete to the photodiode, meaning they are not fabricated on the same 

chip, or monolithically integrated with the photodiode.  

  

(a)       (b) 

Figure 2.30: (a) Simple high-impedance front-end amplifier (b) Simple transimpedance front-
end amplifier [72].  
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 Figure 2.30 illustrates the two most basic front-end amplifier types – the high-

impedance and transimpedance amplifiers. In these figures, C and R are defined as follows. 

 parasiticsampINPD CCCC ++= ,  (2.55) 

 ampINRR ,=  (2.56) 

where CPD, CIN,amp, and Cparasitics are the photodiode, amplifier input, and parasitic 

capacitances, respectively. RIN,amp is the amplifier input resistances. One more term can be 

introduced as Rphoto,out. This term is the load resistance seen by the photodiode. Rphoto is 

different for the transimpedance and high impedance cases.  

 RRphoto =  : high impedance amplifier (2.57) 

 
1+

=
A

RRphoto  : transimpedance amplifier (2.58) 

It will be shown in chapter 3 that the bandwidth of the photodiode is inversely proportional to 

the photodiode output resistance, Rphoto, and capacitance, C. Therefore, using Figure 2.30 and 

the equations for Rphoto, it is easy to see why the transimpedance amplifier is a better choice 

for a high speed front-end amplifier design. For the same amplifier impedance, R and C, the 

transimpedance amplifier has a (A+1) improvement in photodiode bandwidth over the high 

impedance amplifier.  

This same bandwidth relation (bandwidth inversely proportional to R, C) can be used 

to justify the use of monolithically integrated receivers over discrete receivers. 

Monolithically integrated receivers eliminate the need for long bond wires and pad 

capacitances between the photodiode and front-end amplifier. This reduces the overall 

capacitance of the receiver, C, by reducing the parasitic capacitance, Cparasitics, found in wire 
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bonding and contact pads [10]. The reduction of these parasitics is a major focus of results 

presented in chapter 4 between the discrete and monolithically integrated final designs. 

 In addition to choosing between transimpedance or high impedance and discrete or 

monolithic, a choice exists between amplifier topologies and the technology used to 

implement the topology. Amplifier topology examples are given in Section 2.4.5. When 

dealing with technologies (HEMT, HBT, DHBT, FET, etc.), two figures of merit exist – ft 

and fmax. ft is defined as the transition frequency or frequency at which the current gain 

equals one. fmax is the maximum oscillation frequency. Because it is generally preferred that 

ft and fmax are four times larger than the bit rate of the optical communication system, not all 

technologies are compatible with high bit rates [36]. Figure 2.31 plots device transition 

frequency versus amplifier bandwidth. For a 50 GHz transimpedance amplifier with a gain of 

8-dB, a minimum 160 GHz device is needed [85]. For higher gain amplifiers, transition 

frequencies needed would be higher than 300 GHz [36].   

 

Figure 2.31: Advanced technologies available for high optical communication bit rates [85] 

Now that front-end amplifier types and the implementation technologies have been 

discussed, the next step is to present some examples of quality front-end amplifiers. Section 

2.4.5 provides a brief view of some amplifiers using the technologies described above. 
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2.4.5 Front-End Amplifier Examples 

 This section gives a very brief overview of some front-end amplifier topologies used 

for optical communications. It is by no means complete, as an infinite number of topologies 

exist. Along with each topology, there is a description of amplifier type, modulation format 

capability, bandwidth, gain, technology, and integration capability. It is very important to 

note that most of these topologies cannot be directly compared to each other because they use 

different technologies with a different ft and fmax. The purpose here is just to illustrate the 

many innovative designs used for the front-end amplifier. The amplifiers are split up into 

three sections – single ended discrete TIAs, differential discrete TIAs, and monolithically 

integrated TIAs.  

Single ended discrete TIAs 
 
Amplifier #1: Y. Suzuki, et al [83] 

 

 

Figure 2.32: Amplifier #1 

Type: Single ended TIA 
Modulation Format: OOK 
Bandwidth / Gain: 34.6 GHz / 41.6 dB Ω 
Technology: AlGaAs/InGaAs HBT (ft = 96 GHz, fmax = 240 GHz) 
Integration: Discrete 
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Amplifier #2: C.Q. Wu, et al [95] 
 

 
 

Figure 2.33: Amplifier #2 

Type: Single ended TIA 
Modulation Format: OOK 
Bandwidth / Gain: 40 GHz 
Technology: InP-InGaAs Single HBT (SHBT) (ft = 150 GHz, fmax = 150 GHz) 
Integration: Discrete 

 
Differential discrete TIAs 
 
Amplifier #3: J. Weiner, et al [91] 
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(a) 

 

(b) 

Figure 2.34: Amplifier #3 (a) SiGe implementation (b) InP Implementation 

Type: Differential TIA 
Modulation Format: DPSK 
Bandwidth / Gain: 50 GHz / 12 dB 
Technology: SiGe HBT (ft > 200 GHz) 
  InP DHBT (ft = 170 GHz, fmax = 140 GHz) 
Integration: Discrete 
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Monolithically integrated TIAs 
 
Amplifier #4: B. Das, et al [17] 

 
(b) 
 

Figure 2.35: Amplifier #4 (a) HBT implementation (b) HFET implementation 

Type: Single ended TIA 
Modulation Format: OOK 
Bandwidth / Gain: 20 GHz / 75 dB Ω 
Technology: InGaAs HBT and HFET (ft = 160 GHz) 
Integration: Monolithically integrated 

 
Amplifier #5: L. Lunardi, et al [52] 

 
 

Figure 2.36: Amplifier #5  
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Type: Single ended TIA 
Modulation Format: OOK 
Bandwidth / Gain: 10 GHz / 5 dB 
Technology: InGaAs HBT (ft = 140 GHz, fmax = 70 GHz) 
Integration: Monolithically integrated 

 
Amplifier #6: D. Caruth, et al [10] 

 

 
 

Figure 2.37: Amplifier #6 

Type: Single input, differential output TIA 
Modulation Format: OOK 
Bandwidth / Gain: 38 GHz / 145 dB Ω 
Technology: InGaAs SHBT 
Integration: Monolithically integrated 

As one can see, there are a variety of possibilities for the implementation of a front-

end amplifier. Choices are made on type, integration, technology, and topology. The 

implementation used depends directly on the application. Main design considerations of the 

present work are low noise, good transient behavior, high bandwidth, high gain, and a flat 

gain response. 
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2.4.6 Differential Phase Shift Keying Receiver 

To conclude the overview on the optical receiver, the differential phase shift keying 

(DPSK) receiver is discussed. As mentioned in section 2.3.2, in DPSK systems, data is 

encoded by the phase change between adjacent bits. Because standard photo detectors are 

phase insensitive, the phase modulated signal must first be demodulated into an intensity 

modulated signal before detection. The 1-bit delay interferometer demodulates the signal and 

outputs two logically inverted intensity modulated signals. These two signals can then be 

detected by using a balanced receiver consisting of dual balanced photodiodes and a fully 

differential TIA. The detailed block diagram of the DPSK receiver is given in Figure 2.38.  

 

Figure 2.38: Detailed block diagram of DPSK optical receiver 

This work focuses on the integrated receiver consisting of photodiodes and the 

differential TIA. Two possibilities of integration are discrete integration and monolithic 

integration. In discrete integration, the photodiodes are located off chip from the TIA and are 

connected by way of electrical bond wires. Figure 2.39 is an illustration of the discrete 

receiver [81].  
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Figure 2.39: Discrete DPSK optical receiver and block outline [81] 

In the monolithic integrated design, the photodiodes are located on the same chip as the 

differential TIA. One such application is illustrated in Figure 2.40 [37]. 

DHBTPD
 

Figure 2.40: Monolithic DPSK optical receiver overview [37] 

The monolithic optical receiver can allow for improved receiver performance as the bond 

wire parasitics are eliminated [37]. Chapter 3 describes in detail the design of both types of 

receivers, while chapter 4 compares the monolithic optical receiver results to that of the 

discrete receiver. 
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3. TRANSIMPEDANCE CIRCUIT DESIGN 

3.1 Design Overview 

The intent of this thesis is to analyze, design, and simulate a monolithically-integrated 

InP optical receiver using double balanced PIN-WGPDs and a differential DHBT 

transimpedance amplifier for DPSK applications over 50 Gb/s. The goals include high 

amplifier gain with a wide bandwidth, 50 Ω impedance matching, smooth transient response, 

open eye diagrams, a large dynamic range, low power dissipation, low device operating 

temperature, and low noise operation. The specifications of this project are listed below in 

Table 3.1. 

Table 3.1: Optical receiver specification table 

Parameter Units Specification 
Low Frequency Gain (S21) dB 10 
3-dB Frequency GHz 50 
Unity Gain Frequency GHz 80 
Input Reflection (S11) dB -10 
Output Reflection (S22) dB -10 
Differential Transimpedance dB-Ω 50  
Clipped output eye amplitude V 0.40 
Input for clipped output eye  μA 500 
Dynamic Range dB 20 
Power Consumption mW 600 
Supply Voltage V 5 
Device Temperature oC 175 
3-dB Noise  pA/ Hz  100  
Technology 
 

 InP DHBT /  
InGaAs PIN WGPD 

HBT ft GHz 230  
HBT fmax GHz 147 
Photodiode 3 dB Frequency  GHz 70 

In this particular chapter, the design of the integrated receiver is discussed. There are 

five major sections: double heterojunction bipolar transistor (DHBT) modeling, PIN 

modeling, TIA topology, differential TIA design, and monolithically-integrated optical 
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receiver design. Figure 3.1 illustrates the block diagram of the receiver: two balanced 

WGPDs, a fully differential three-stage DHBT transimpedance amplifier, and a single power 

supply of 5 V. 

 
 

 

Figure 3.1: DPSK receiver block diagram 

The first stage of the transimpedance amplifier was chosen to be a fully differential 

emitter-coupled amplifier with shunt feedback resistance and a resistive load. This stage 

converts the input current into an output voltage. The second stage is a buffer stage. Two 

emitter followers provide isolation between the input and output of the amplifier. Finally, the 

third stage is a fully differential output stage comprised of another set of emitter-coupled 

amplifiers which provide gain, high common mode rejection, and matching for a 50 Ω load 

output.  

The InP / InGaAs double heterojunction bipolar transistor (DHBT) has unity current 

gain cutoff frequency, fT, of  289 GHz, while the maximum oscillation frequency, fmax, is 210 

GHz [59]. The InGaAs balanced waveguide photodiodes (WGPDs) have a 3 dB frequency of 

70 GHz [88]. Before the transimpedance amplifier can be designed, the DHBT and WGPD 

models must be defined. This is the goal of sections 3.2-3.3.  
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3.2 Double Heterojunction Bipolar Transistor Model  

This section describes the InP / InGaAs double-heterojunction bipolar transistor 

(DHBT) model used in the simulation of the optical receiver. The model is a representation 

of a published DHBT reported in [59]. The published device, based upon a base-metal-

overlaid structure (BMOSA) with hexagonal emitter, has an epilayer structure defined in 

Table 3.2 [59].  

Table 3.2: DHBT layer materials [59] 

Layer Material 
Emitter Cap n+ InGaAs / N+ InP 
Emitter N InP 
Base p+ InGaAs 
Collector n+ InGaAs / N InP 
Subcollector N+ InP / n+ InGaAs 
Buffer Undoped InP 

Besides the high-speed low-power operation and compatibility for monolithic 

integration of the photodiodes and front-end amplifier, the InP / InGaAs BMOSA DHBT was 

chosen because of the over 5 V high breakdown voltage. The hexagonal shape emitter was 

used to increase separation between the base and emitter in the mesa without the excess side 

etching commonly found in rectangular shape emitters. A simplified cross section of the 

device is provided in Figure 3.2. Although [59] presents structures of four different sizes, this 

thesis models the 180 nm collector, 20 μm2 hexagonal emitter device.  

 

Figure 3.2: DHBT device cross section [59] 
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The large signal and small signal topologies used to model this DHBT are provided 

below in Figure 3.3. These models come directly from the Agilent Advanced Design System 

(ADS) manual, used for all simulations in this thesis. They are based on the Gummel-Poon 

BJT model, or more specifically the UCSD HBT model [108-109].  

  
(a) 

 

 
(b) 

 
Figure 3.3: DHBT model topologies (a) large signal (b) small signal [109] 

 Table 3.3 provides a list of the major parameters used for DHBT model simulations 

in ADS. Initially, the parameters were taken from the extracted small signal model published 

in [59]. However, because the model in [59] was based on a hybrid pi configuration, the 
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parameter values had to be modified to fit the Gummel-Poon one. To do this, all parameter 

values were individually tuned until the model S-parameters fit the measured S-parameters in 

[59]. For a complete list of the device parameters, refer to Appendix A.  

Table 3.3: DHBT model parameters 

Name Description Units Value
Re Emitter resistance Ω 1.48
Rci Intrinsic collector resistance Ω 0.5
Rcx Extrinsic collector resistance Ω 0.5
Rbi Intrinsic base resistance Ω 19.2
Rbx Extrinsic base resistance Ω 8.25
Cje Base-emitter capacitance (zero bias) fF 5 
Cemax Base-emitter capacitance (max value in forward bias) fF 23.7 
Cjc Base-collector capacitance (zero bias) fF 35 
Ccmax Base-collector capacitance (max value in forward bias) fF 100
Tfb Base transit time: delay through the base psec 0.335 
Tfc0 Collector transit time (low current) psec 0.330 
Tcmin Collector transit time (high current) psec 0.330 
Ege Effective emitter bandgap parameter eV 1.34
Egc Effective collector bandgap parameter eV 0.8
Ikrk Kirk effect current value A 0.04

 
 In addition to the large and small signal models, a self-heating thermal model was 

implemented in ADS. In real devices, temperature changes with time as electrical energy is 

converted into heat. Temperature is also altered by diffusion heat transfer and thermal 

coupling to other devices. These changes in temperature affect the electrical behavior of the 

device, which in turn, affects the generation of heat. The following self-heating model was 

used to model these effects.  

 

Figure 3.4: DHBT self-heating model [109] 
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 In Figure 3.4, Rth is the thermal resistance of the device and Cth is the thermal 

capacitance of the device. These two parameters cause the time-dependent temperature rise 

previously mentioned. The current source, Pdev, is equal to the total dissipated power in the 

device. Node ‘th’ represents the change in temperature. For the detailed temperature scaling 

equations that dictate the temperature and electrical behavior relation, please refer to [109]. 

Rth is a function of the material used and the temperature of the device. Table 3.4 displays 

values of room temperature thermal conductivity for selected materials.  

Table 3.4: Thermal conductivities of selected materials [29] 

Material Thermal Conductivity  
(Wcm-1K-1) 

InP 0.68
InGaAs 0.048
GaAs 0.54
Si 1.5

The values for Rth and Cth used in Figure 3.4 were estimated by finding thermal resistances 

and capacitances of similar structures and similar sizes [15, 29]. Values used for Cth and Rth 

are presented below in Table 3.5.  

Table 3.5: DHBT self-heating model parameters 

Name Description Units Value 
Rth Thermal resistance K/W 2600 
Cth Thermal capacitance nsec-A/V 0.5  

  
 Now that the complete model including temperature coefficients has been described, 

the IV device curves are presented (Figure 3.5). In addition to the IV curves, a temperature 

profile has also been plotted. Here, the temperature curves were found by using equation 3.1. 

 ( )CECth VIRT =Δ  (3.1) 
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IB = 10 μA

IB = 260 μA

∆ IB = 20 μA
 

Figure 3.5: DHBT device I-V curves with temperature profile 

As previously mentioned, the ADS model parameters were determined by optimizing 

the model S-parameters to fit the published data [59]. The results of this optimization are 

provided below in the polar plot of Figure 3.6. As this figure shows, the simulated S-

parameters of the DHBT agree well with the measured ones for bias conditions of VCE = 1.2 

V and IC = 20 mA (same as in [59]). Because [59] did not publish large signal measurements, 

large signal parameters could not be extracted, and the DHBT model was solely based on the 

small-signal data. This, in effect, limits the large signal accuracy of the model. 
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Figure 3.6: S-parameter comparison. Measured data taken from [59] 

 Figure 3.7 depicts the plot for S21 (here in dB). Again, the simulated results from the 

DHBT model fit the measured ones over a wide frequency range. The bias conditions were 

again set to VCE = 1.2 V and IC = 20 mA. 
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Figure 3.7: S21 comparison. Measured results taken from [59] 

After the model for the DHBT was determined, the unity current gain cutoff 

frequency, ft, and maximum oscillation frequency, fmax, could be found. These two figures of 
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merit were plotted against collector current below. Again, the simulated results are compared 

against the measured results. VCE was set to 1.2 V for simulations.  
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Figure 3.8: ft and fmax of DHBT model. Measured results taken from (VCE = 1.2 V) [59] 

 As Figure 3.8 illustrates, the maximum values of ft and fmax agree with the measured 

ones but the curves do not align over large signal variations. Again, this is due to the fact that 

[59] did not publish large signal data from which large signal parameters could be extracted. 

Overall the quality of the fit of the S-parameter data is considered adequate for circuit design 

purposes, as long as the difference in the above curves is noted. Table 3.6 compares the 

simulated data to measured results for ft and fmax. 

Table 3.6: ft and fmax comparison between simulated model and measured results [59] 

Parameter Units Measured  
Value [59] 

Simulated  
Value 

% Difference* 

Max ft GHz 230.0 230.3 0.13 % 
Max fmax GHz 147.0 139.9 4.8 % 
Max ft current mA 40.0 15.2 62.0 % 
Max fmax current mA 22.0 20.1 8.6 % 

* % Diff = |(Measured – Simulated)| / Measured *100% 
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 Preliminary simulations for the receiver indicate that the transistor is not fast enough 

to achieve the desired gain and bandwidth for the front-end amplifier. As estimated in 

chapter 2, transition frequencies of approximately 300 GHz are needed for high gain 

transimpedance amplifiers. Therefore, the model parameters were slightly adjusted to 

increase ft and fmax of the transistor to accommodate for the 50 GHz amplifier bandwidth. 

This, in effect, equates to using a faster device. New model parameters are presented in Table 

3.7. Those that have been altered are highlighted. Also, new values for ft and fmax are 

presented in Table 3.8. 

 Table 3.7: DHBT model parameter listing for new 50 GHz bandwidth appropriate model 
(see text) 

Name Description Units Original 
Model 

Adjusted
Model 

Re Emitter resistance Ω 1.48 1.48
Rci Intrinsic collector resistance Ω 0.5 0.5
Rcx Extrinsic collector resistance Ω 0.5 0.5
Rbi Intrinsic base resistance Ω 19.2 17.2
Rbx Extrinsic base resistance Ω 8.25 8.25
Cje Base-emitter capacitance (zero bias) fF 5  5 
Cemax Base-emitter capacitance (max value in 

forward bias) 
fF 23.7  23.7 

Cjc Base-collector capacitance (zero bias) fF 35  22 
Ccmax Base-collector capacitance (max value 

in forward bias) 
fF 100  100 

Tfb Base transit time: delay through the base psec 0.335  0.235 
Tfc0 Collector transit time (low current) psec 0.330  0.230 
Tcmin Collector transit time (high current) psec 0.330  0.230 
Ege Effective emitter bandgap parameter eV 1.34 1.34
Egc Effective collector bandgap parameter eV 0.8 0.8
Ikrk Kirk effect current value A 0.04 0.04
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Table 3.8: ft and fmax listing for new 50 GHz bandwidth appropriate model (see text) 

Parameter Units Measured  
Value [59] 

Original 
Model 

Adjusted 
Model 

Max ft GHz 230.0 230.3 288.6 
Max fmax GHz 147.0 139.9 210.0 
Max ft current mA 40.0 15.2 14.1 
Max fmax current mA 22.0 20.1 15.2 

 Finally, the S-parameters of the newly adjusted model should be compared to the 

measured results [59]. This will ensure there are no major inconstancies with the model. The 

results of the adjusted model are presented in Figure 3.9. To produce the results, VCE was set 

to 1.2 V and IC was 20 mA (same as is [59]). 
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Measured Results
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Figure 3.9: S-parameter comparison for adjusted model. Measured results taken from [59] 

As this figure shows, the simulated S-parameters of the DHBT match well enough 

with the measured S-parameters. This agreement again proves that the model used in the 

receiver simulations represents a realistic device.  
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3.3 PIN Photodiode Model 

This section discusses the InGaAs PIN-WGPD model used in the simulation of the 

optical receiver. The model is a representation of a published WGPD reported in [88]. The 

published device consists of an optical waveguide, an evanescently coupled PIN-PD, and a 

biasing network [88]. The layers of the WGPD are presented in Table 3.9.  

Table 3.9: WGPD layer materials 

Layer Material 
Waveguide layers Fe doped InGaAsP  

(λ = 1.05 and 1.3 μm)  
N Contact layer n+ InGaAsP 
Intrinsic layer Undoped InGaAs 
P Contact layer p+ InGaAs 

This InGaAs WGPD has a responsivity of 0.37 A/W and bandwidth of 70 GHz, with 

a 300 nm absorption layer thickness and total area of 5x20 μm2. The cross section of the 

device is shown in Figure 3.10 [88].  

 
 

Figure 3.10: WGPD device cross section 

The small signal topology used to model the published WGPD is provided below in 

Figure 3.11, and is a derivation of the model originally found in [88]. Initially, the small 
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signal parameters were taken from the extracted small signal model published in [88].  To 

ensure accuracy, all parameter values were individually tuned until the model S-parameters 

(specifically S21) fit the published ones. 

 

Figure 3.11: WGPD small signal model topology [50] 

Table 3.10 lists the parameters used for simulations in ADS for the PIN-WGPD 

model [88].  

Table 3.10: WGPD model parameters 

Name Description Units Value
R1 Input matching resistance Ω 35.5
R2 Internal photodiode parallel resistance kΩ 2.0
Cpd Junction capacitance fF 38.5 
Rs Internal photodiode series resistance Ω 3
Ls Internal photodiode inductance pH 10 
Cp Parasitic capacitance fF 17 
Rsh Shunt resistance (caused by substrate impurities) Ω 350
Csh Shunt capacitance (caused by substrate impurities) fF 300
Term R Termination resistors for S-parameter simulation Ω 50

 
Figure 3.12 shows the simulated S21 curve of the WGPD plotted with the published 

results indicating agreement between the two with corresponding 3-dB bandwidths of 70 

GHz [88]. 
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Figure 3.12: S-parameter comparison. Measured results taken from [88]  

3.4 Transimpedance Amplifier Topology 

 With the DHBT and WGPD model parameters determined, the first step for the 

design of the optical receiver consisted of designing the differential transimpedance 

amplifier. Once this amplifier was analyzed and simulated, the dual balanced photodiodes 

were integrated into the simulations. This particular section provides a brief overview of the 

TIA topology and the complete schematic of the TIA. The optimization process to determine 

the best design topology is by trial and error. Many topologies were investigated before 

coming to the best topology for this application. 

The schematic of the differential TIA is illustrated in Figure 3.13.  
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Figure 3.13: Differential transimpedance amplifier topology
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The first stage of the transimpedance amplifier was chosen to be a fully differential 

emitter-coupled amplifier with shunt feedback resistance and a resistive load. Its basic 

function is to convert the input current into an output voltage. A differential amplifier was 

chosen for the first stage because it has finite gain with a large output swing. This stage also 

operates at low noise (due to the inherent low noise characteristics of the DHBTs) if designed 

properly. The feedback resistance senses the output voltage and returns a proportional current 

to the input.  

The second stage is a buffer stage with two emitter followers providing isolation 

between the input and output of the amplifier at the cost of higher current. Another tradeoff 

in using multiple stage amplifiers is that as the number of stages increases, the bandwidth 

decreases with the extra capacitances and resistances. Thus, it is important that the first stage 

is designed for wide bandwidth, as the loading of a second and third stage will decrease the 

overall bandwidth.  

The third stage is a fully differential output stage comprised of another set of emitter-

coupled amplifiers. This stage further increases the gain of the amplifier and provides for 

high common mode rejection. It is also considered the matching stage, as the output is 

matched to a 50 Ω load.  

Finally, a supply dependent bias scheme based on a single voltage supply of 5 V was 

implemented to bias all three stages of the amplifier. This scheme could be replaced by a 

supply independent scheme with start up circuit to further increase the PSRR of the design. 

From the schematic, the variables have been assigned for critical component values, 

facilitating the circuit optimization. The following sections in this chapter provide a detailed 

design for the circuit in Figure 3.13 and investigate the optimized variables.  
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3.5 Differential Transimpedance Amplifier Design 

3.5.1 Design Analysis of the TIA 

 This section of the thesis details the design analysis of the transimpedance amplifier. 

3.5.1.1 Choosing Bias Conditions 

 The first step in designing the differential TIA is choosing bias conditions for the 

DHBTs. For this, temperature, transition frequency, and maximum oscillation frequency of 

the DHBT are taken into account. As one can recall from section 3.2, the maximum ft of 289 

GHz occurred at approximately 14.1 mA and the maximum fmax of 210 GHz occurred at 15.2 

mA for the adjusted DHBT model. Beyond these collector current densities, the Kirk effect 

limits the transistor operation [59]. Therefore, to avoid stress, the bias conditions for the 

DHBTs are chosen to be the lowest as possible as illustrated in Figure 3.14. VCE was set to 

1.2 V for simulations. 

Fmax and Ft vs. Collector Current

0

50

100

150

200

250

300

0.1000 1.0000 10.0000 100.0000

Collector Current (A)

Ft
 / 

Fm
ax

 (G
hz

)

Collector Current (mA)

f t
/ f

m
ax

(G
H

z)

fmax

ft

Bias below Kirk effect current

0.1 1.0 10 100

 

Figure 3.14: ft / fmax curves illustrating proper bias points (note that these curves are the 
same curves presented Figure 3.8, meaning this is for the original model, not the adjusted 

model. Adjusted model Kirk effect values are given in above text. VCE = 1.2 V) 
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The devices should also be biased as to limit the device operation temperature. The 

device temperature can be calculated:  

 ( )CECthIF VIRTT +=  (3.2) 

where TI and TF are the initial and final temperatures and Rth is the thermal resistance. Rth 

was set to 2600 K/W as described in section 3.2. The temperature goal, as listed in Table 3.1, 

is less than 175oC.  Figure 3.15 illustrates the I-V curves for the adjusted model, indicating 

bias conditions to the left of the 175oC curve are options for amplifier design.  

IB = 10 μA

IB = 260 μA

∆ IB = 20 μA  

Figure 3.15: DHBT adjusted model I-V curves with temperature profile 

 From the ft / fmax results and the I-V temperature profiles, the following bias 

conditions were chosen for optimum amplifier performance, allowing for maximum speed 

and minimum temperature operation. For simplicity of design, the collector current is the 

same for all transistors in a single stage, while the collector-emitter voltage varies depending 
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on the DHBT position in the stack. Therefore, a single IC value is listed with a range of VCE 

values for the optimum bias conditions.  

Table 3.11: Optimum DHBT bias conditions 

Bias Parameter Units Value 
DHBT Bias Current IC mA 13 
DHBT Bias Voltage VCE  V 2.0-4.0 

The next step of the TIA design is building up the amplifier one stage at a time, as it 

is important to understand the key aspects of each stage before the whole amplifier is 

optimized. Each stage will be discussed independently with certain design considerations.  

3.5.1.2 TIA Design: Stage 1 

The first stage of the TIA is the emitter-coupled differential input pair as pictured in 

Figure 3.16. A differential amplifier was chosen as the first stage because of its high common 

mode rejection and low noise operation. Since the majority of noise in an amplifier is 

introduced through the first stage, the differential pair is the best solution. Three major areas 

will be investigated for this stage – DC transfer characteristics, low frequency gain, and high 

frequency response [27].  
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Figure 3.16: Emitter-coupled differential input pair with adjusted DHBT model 

Understanding the DC transfer characteristics includes finding the range of input 

voltages over which the circuit behaves linearly, and determining the differential output 

voltage as a function of differential input voltage. To find the linear operation, three 

assumptions were made. First, the amplifier was biased with an ideal current source in 

parallel with a resistance. The current source was set to 26 mA to satisfy the bias conditions 

previously mentioned, while the resistance was set to 20 kΩ to simulate the output resistance 

of a real current mirror. Other assumptions are that the output resistance of the DHBTs is 

very large (true for bipolar transistors), and the base input resistance is very small. The linear 

region of operation is found by taking KVL around the input loop of the input stage. 

 02211 =−+− iBEBEi VVVV  (3.3) 

VBE can be expressed in terms of current by applying the Ebers-Moll equations. 
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where VT is the thermal voltage and IS1,2 are the scaling currents of the devices. Since 

transistors HBT1 and HBT2 are identical, IS1 = IS2 and Vid is introduced as Vi1 – Vi2. Using 

equations 3.3-3.5, a ratio of collector currents can be determined as: 
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Using KCL at the emitters will result in:  

 ( ) [ ]
α

21
21

CC
EESource

II
III

+
=+−=  (3.7) 

where 
β

βα
+

=
1

 (β is the gain of the DHBT). Finally, one can substitute (3.6) into (3.7) to 

find the circuit’s current behavior as a function of input voltage: 

 ( )Tid VV
Source

C e
I

I /1 1 −+
=

α
 (3.8) 

 ( )Tid VV
Source

C e
I

I /2 1+
=

α
 (3.9) 

When the differential voltage equals zero, IC1 = IC2 = SourceIα5.0 . When the differential 

voltage is large (greater than 3VT), one of the transistors turns off and the entire source 

current flows through the opposite transistor. To check this relation, the circuit in Figure 3.16 

was simulated for a range of differential input voltages. The results are presented in Figure 

3.17 indicating that equations 3.8 and 3.9 have been validated. Furthermore, Figure 3.17 
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illustrates the linear region of operation around Vid = 0. The circuit behaves linearly to within 

about ±1.5*VT. The value of current at zero voltage is the bias current of the DHBT (13 mA).  

αISource

0.5 αISource

Ic1

Ic2

 

Figure 3.17: Emitter-coupled differential input pair with adjusted DHBT model simulations 

 For the output voltages, Vo1 and Vo2, again applying KVL at the output of at the 

circuit in the diagram of Figure 3.16, one obtains: 

 Cccco RIVV 11 −=  (3.10) 

 Cccco RIVV 22 −=  (3.11) 

Substituting equations 3.8-3.9 into 3.10-3.11 and solving for Vod gives the following relation. 

 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
=−=

T

id
SourceFoood V

V
RIVVV

2
tanh21 α  (3.12) 

where R is the load resistance of the circuit (110 Ω). Equation 3.12 shows that if the 

differential input voltage is zero, there will be no output voltage, which infers that for direct 

coupling of amplifier stages, no coupling capacitors are needed. If coupling capacitors were 

needed, the frequency response of the amplifier would be degraded. The circuit in Figure 

3.16 was simulated to validate equation 3.12 and the results are presented in Figure 3.18.  
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Figure 3.18: Emitter-coupled differential input pair with adjusted DHBT model simulations 

 The small signal gain of the first stage will be discussed with focus on operation in 

the linear region of Figure 3.18. Both low and high frequency gain are presented for 

understanding amplifier parameter design.  

 Using half circuit analysis, the low frequency small signal differential gain, Adm, of 

the balanced emitter-coupled differential input pair is found [27]. 
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where Vic is the common mode input voltage, gm is the transconductance, R is the load 

resistance, and ro is the output resistance of the DHBT. This equation shows that by 

increasing the bias current or load resistance, gain can be increased. Since bias currents have 

already been chosen, a large R should be used in the final design. The common mode gain is 

listed in equation 3.14. Here, Rsource is the resistance of the current source. 
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The common mode rejection ratio (CMRR) indicates how well the amplifier cancels out 

noise common to both inputs; therefore, it is desirable to have a high CMRR. High CMRR is 

achieved by having high differential mode gain and low common mode gain. 

  Sourcem
cm

dm Rg
A
A

CMRR 21+==  (3.15) 

From Equation 3.15, a high CMMR translates to high bias current and high current source 

resistance [27].  

 The high frequency gain of the balanced emitter-coupled differential input pair is also 

detailed in [27] using half circuit analysis. Equation 3.16 is the differential mode gain term. 

Furthermore, equation 3.17 and 3.18 indicate the dominate pole and non-dominate pole of 

this stage, respectively. Here, RS is the input source resistance, rb and rπ are device 

resistances, all C values are device capacitances and ( ) πrrRR bSp //+= . 
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The last three equations indicate that the analysis becomes more complex at high frequencies. 

A simple observation is made in that to have a wide bandwidth (large p1, p2), bias current and 

resistance should be minimized. This observation indicates that there is a direct tradeoff 
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between gain and bandwidth. This tradeoff will be further investigated when all three stages 

are integrated. 

3.5.1.3 TIA Design: Stage 2 

The second stage of the transimpedance amplifier is the emitter follower stage. In this 

stage, two emitter followers provide isolation between the input and output of the amplifier. 

This buffer comes at the cost of lowering bandwidth as the emitter follower stage adds in 

extra capacitances and resistances. Figure 3.19 depicts one of two emitter followers biased by 

an ideal current source. The emitter follower will be studied based upon its gain and high 

frequency response. The following discussions on this topic follow Gray, Hurst, and Meyer’s 

discussion in [27].  
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Figure 3.19: Emitter follower with adjusted DHBT model 

 The low frequency small signal gain of the emitter follower is listed below. 
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Here, Rin is the input resistance to the emitter follower which is determined by the first stage 

differential pair. This equation shows that the gain of an emitter follower is always less than 

one. If ( )( )oSource rR //1+β  is much greater than πrRin + , the gain then approaches one. This 

is the case for the TIA under study. The high frequency response is provided by the 

following equation.  
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z1 and p1 are the zero and pole of the transfer function, respectively. They are provided in 

equations 3.21-3.22.  
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where, 
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The zero is usually on the order of the transition frequency of the DHBT. Therefore, it does 

not play a role in amplifier bandwidth. The pole, however, can decrease the bandwidth of the 

TIA. Thus, it is important that R1 is designed to be as small as possible to ensure a high 

frequency response for this stage. 
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3.5.1.4 TIA Design: Stage 3 

 The final stage of the amplifier is a fully differential output stage and is comprised of 

another emitter-coupled differential pair. Its setup was shown in Figure 3.16. The main 

design goals of this stage were to ensure enough power was provided to the load with low 

signal distortion, to match the output impedance to a load impedance of 50 Ω (equivalent to 

having a low S22), and to ensure this stage does not limit the frequency response of the entire 

amplifier.  

 The DC transfer characteristics, low frequency gain, and high frequency response can 

be determined as was already performed for the input stage. However, the design goals of the 

output stage were different than the ones for the input, so different considerations were taken 

into account. Rather than designing for low noise (as in the case of the input stage), the 

output stage is designed for high gain and good matching to 50 Ω. Of course, bandwidth 

remains important for all stages. The load resistance, R2, of the output stage was set to 45 Ω 

and was determined by optimization while taking the design goals into consideration. 

3.5.1.5 Current Mirrors 

 The current mirror used to bias the transimpedance amplifier is a simple circuit 

consisting of one diode connected DHBT linked to multiple current-sourcing DHBTs. The 

current mirror topology is depicted in Figure 3.20. Because stages 1 and 3 require twice the 

current of stage 2, the mirrors used for stages 1 and 3 consist of two transistors in parallel. 

Parallel transistors were used rather than a single one twice the size to allow for a lower 

device temperature operation.   
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Figure 3.20: Current mirrors used to bias TIA 

 The output current at any one of the current mirrors is a function of the input current 

through the diode connected transistor, and this relation is given in equation 3.25 [27]. Here, 

VA is the Early voltage of the transistor set by the adjusted DHBT model and IIN and IOUT are 

the input and output currents of the mirrors, respectively. Also, parameters marked by a ‘1’ 

indicate they belong to the diode connected transistor, while parameters marked by ‘2’ 

indicate that they belong to any one of the current sources in Figure 3.20. N is the scaling 

ratio which is set by the number of transistors ganged together in a particular mirror. Stage 1 

and 3 mirrors have ratios of 2, while stage 2 has two mirrors each with a ratio of 1. 
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If VCE1 ≈ VCE2 and β is large, this equation can be simplified into equation 3.26.  
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Equation 3.26 shows that by choosing an input current and a certain number of parallel 

devices in a mirror, a specific output current can be achieved. The input current is set by 

equation 3.27. 

  
Supply

BECC
IN R

VV
I 1−

=  (3.27) 

As equation 3.27 shows, the input current directly depends on VCC and RSupply. This is just 

one possibility for biasing the transimpedance amplifier. If VCC and RSupply dependence is not 

desirable, one could choose to bias the amplifier with a base-emitter reference current source 

or a self-biased VBE reference with start up circuit [27]. Both of these current sources 

improve the supply and resistance dependences.  

 Figure 3.20 indicates the estimated output currents provided by the mirrors for an 

input current of 13 mA. It should be noted that in practice, IIN had to be increased to 

guarantee that 26 mA was provided to stages 1 and 3. The cause for this modification is that 

two devices in parallel do not give a perfect multiple of 2 as equation 3.26 assumed. In doing 

this, the current in stage 2 was also increased, although this increase was not enough to 

impair the performance of the TIA.  

3.5.1.6 Open Loop Gain 

 Now that each stage’s key design considerations have been highlighted, the open loop 

gain can be determined. Figure 3.21 provides the open loop simple block diagram for the 

detailed TIA of Figure 3.13. 
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Figure 3.21: Open loop block diagram for 3 stage TIA with single power supply 

 The low frequency open loop gain of the transimpedance amplifier is the 

multiplication of the gain of each stage of the amplifier and is given as: 

 ( )( )eLom RrRrRgAAAA ////// 02211
2

3210 ≈=  (3.28) 

where ReL is the external load resistance of the amplifier and it is assumed that the gain of the 

emitter follower stage is nearly 1. This relation shows that to increase the open loop gain of 

the amplifier, either current or resistance of stage 1 and 3 should be increased.  

3.5.2 Optimization of the TIA Parameters 

 The next step in the receiver design is the optimization of the transimpedance 

amplifier with feedback. Figure 3.22 provides a simple block diagram for the detailed TIA 

schematic of Figure 3.13. 
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Figure 3.22: Block diagram of three stage transimpedance design with single power supply 
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Variables were used for certain component parameters throughout the detailed TIA 

schematic (Figure 3.13). This was done for ease of optimization. Table 3.12 lists the 

variables and a short description of each parameter.  

Table 3.12: TIA parameter variables 

Name Description 
Feedback Feedback resistance 
R1  Load resistance of input stage 
R2  Load resistance of output stage 
Cd1 Input coupling capacitance 
Cd2 Output coupling capacitance 
Ib Common mode base current 
Rsupply Current supply resistance 

 
 As all three stages are integrated and feedback is added, the gain, frequency response, 

and noise analysis of the amplifier becomes quite complicated. Thus, in order to meet the 

receiver specifications listed in Table 3.1, the variable values were optimized in ADS based 

upon the intrinsic design tradeoffs of the amplifier. These tradeoffs include gain versus 

bandwidth, gain flatness versus bandwidth, gain versus noise, and bandwidth versus noise. 

Initially, only gain and bandwidth were considered. Noise analysis of the amplifier will be 

revisited in chapter 5.  

 Approximations can be made for the bandwidth and gain equations for the feedback 

TIA. The bandwidth of the TIA is limited by the time constant from the equivalent Miller 

feedback resistance and input capacitance of the TIA. Therefore, the 3-dB bandwidth can be 

estimated in terms of feedback resistance, Rf, by equation 3.29.  

  ( )QinBEPDf CCR
ABW

,

1

2 +
≈

π
 (3.29) 

where A1 represents the low frequency open-loop voltage gain of the first stage given in 

equation 3.13. CPD and CBE,Qin are the photodiode and TIA input capacitances, respectively. 
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The transimpedance of the TIA determines the gain of the amplifier and is estimated by 

equation 3.30.  

  ⎥
⎦

⎤
⎢
⎣

⎡
≈=

E

eLiL

in

out

R
RR

Rf
I

V
TZ

//
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where RiL is the internal load resistance, ReL is the external load resistance, and RE is the 

emitter degeneration resistance of the final stage. As equations 3.29 and 3.30 show, there is a 

direct tradeoff between gain and bandwidth in terms of feedback resistance. As feedback 

resistance increases, bandwidth decreases, while transimpedance or gain increases [36].  

 One of the most important tradeoffs of the TIA is gain versus bandwidth. This 

tradeoff was exploited in the optimization of variable values for the parameters in Table 3.12. 

By changing the variable values, different operating points were achieved with different 

gains and bandwidths. Figure 3.23 presents a plot of gain versus bandwidth for multiple 

operating points. In addition to this plot, a linear trend line has been fit to the data. This plot 

again emphasizes the fact that if either gain or bandwidth is increased, the other performance 

parameter must decrease at an approximately linear rate. 
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Figure 3.23: Gain versus bandwidth of the transimpedance amplifier 
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The most influential variable in the transimpedance differential amplifier is the 

feedback resistor. A 100 Ω resistor was selected because it allowed for good gain with a high 

bandwidth. Figure 3.24 provides plot of both gain and bandwidth versus feedback resistance. 

This figure shows that as feedback resistance is increased, bandwidth decreases, while gain 

increases.  
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Figure 3.24: Gain / bandwidth versus feedback resistance 

Although some of the lower feedback resistances provided very high bandwidth with 

good gain, the frequency response was not flat in many of these cases. Below, S21 has been 

plotted for a range of feedback values. 100 Ω feedback provides for a gain of 18.82 dB, a 

bandwidth of 50.31 GHz, and a totally flat gain response.  
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Figure 3.25: S21 for various feedback resistances (50, 75, 100, 125 Ω) 

 The values for the rest of the parameters in Table 3.12 were optimized in a similar 

fashion as feedback resistance. First, a value was chosen that provided the highest gain and 

largest bandwidth possible. The value was then modified until all of the amplifier 

specifications (Table 3.1) were met. One by one, the parameters were optimized until the 

final set of values was found that met all specifications at 50 GHz. The values for each 

parameter variable are listed below in Table 3.13. 

Table 3.13: TIA parameter variables 

Name Description Units  Optimized Value 
Feedback Feedback resistance Ω 100 
R1  Load resistance of input stage Ω 110 
R2  Load resistance of output stage Ω 45 
Cd1 Input coupling capacitance μF 1 
Cd2 Output coupling capacitance μF 1 
Ib Common mode base current mA 0.138 
Rsupply Current supply resistance Ω 240 

The results found for the TIA design are presented in chapter 4.  
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3.6 Photodiode Integration 

After the TIA amplifier was analyzed, designed, and simulated, it was integrated with 

two balanced photodiodes. As mentioned earlier in chapter 2, integration can be either 

discrete (hybrid) or monolithic. In the discrete receiver, the photodiodes are external or off 

chip from the TIA. In the monolithic receiver, the photodiodes are fabricated on the same 

chip. Circuit simulations will be done for both types of integration and results will be 

presented in chapter 4. This section of the thesis presents both circuit schematics used in 

simulations and the values for design parameters.  

3.6.1 Hybrid Optical Receiver 

 Figure 3.26 depicts the discretely integrated optical receiver. Here, two balanced 

photodiodes are attached to the differential TIA via bond wires as discussed in chapter 2.  
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Figure 3.26: Discrete optical receiver with balanced photodiodes and differential TIA

C
Cp4
C=Cp1 fF

C
Cp5
C=Cp2 fF

L
Ls4
L=Lp nH

C
Csh
C=300 pF

L
Ls
L=10 pH

R
Rs
R=3 Ohm

Term
Term1

Z=50 Ohm
Num=1

CCCS
SRC3

R2=2 kOhm
R1=35.5 Ohm

C
Cp
C=17 fF

C
Cpd
C=38.5 fF

R
Rsh
R=350 Ohm

C
Cp7
C=Cp1 fF

L
Ls5
L=Lp nH

C
Cp6
C=Cp2 fF

C
C5
C=Cd1 F

I_DC
SRC13
Idc=Ib mA

V_DC
SRC11
Vdc=5 V

L
Ls1
L=10 pH

R
Rs1
R=3 OhmTerm

Term3

Z=50 Ohm
Num=3

CCCS
SRC14

R2=2 kOhm
R1=35.5 Ohm

C
Cpd1
C=38.5 fF

C
Cp1
C=17 fF C

Csh1
C=300 pF

R
Rsh1
R=350 Ohm

R
R16
R=Rsupply Ohm

I_Probe
I_Probe11

AgilentHBT_NPN
HBT29
Area=1

I_DC
SRC12
Idc=Ib mA

C
C6
C=Cd1 F

R
R1
R=R1 Ohm

R
R2
R=R1 Ohm AgilentHBT_NPN

HBT21
Area=1

V_DC
SRC1
Vdc=5 V

I_Probe
I_Probe33

R
R13
R=R2 Ohm

R
R10
R=R2 Ohm C

C7
C=Cd2 F

Term
Term2

Z=50 Ohm
Num=2

Term
Term4

Z=50 Ohm
Num=4

C
C8
C=Cd2 F

AgilentHBT_NPN
HBT22
Area=1

I_Probe
I_Probe12 AgilentHBT_NPN

HBT34
Area=1

AgilentHBT_NPN
HBT42
Area=1

AgilentHBT_NPN
HBT20
Area=1 AgilentHBT_NPN

HBT27
Area=1

R
Rf1
R=Feedback Ohm

AgilentHBT_NPN
HBT31
Area=1

I_Probe
I_Probe10

I_Probe
IC1 I_Probe

IC2

AgilentHBT_NPN
HBT41
Area=1

R
Rf2
R=Feedback Ohm

AgilentHBT_NPN
HBT40
Area=1

I_Probe
I_Probe13

AgilentHBT_NPN
HBT39
Area=1

I_Probe
I_Probe9

AgilentHBT_NPN
HBT23

_M=
Area=1

AgilentHBT_NPN
HBT28

_M=
Area=1

Photodiode #1

50 Ω
Input Ports

Photodiode #2

Bond Wire 
Parasitics

Bond Wire 
Parasitics

Fully Differential TIA

Single 5 V Power Supply

50 Ω Output Ports

Bias 
Circuit



 

 100

 As Figure 3.27 shows, the photodiodes have been implemented with identical models 

of the photodiode described in section 3.3 at the input of the differential TIA. Also, two 

capacitors and an inductor have been used to model the parasitics of the bond wire and pad 

capacitance.  

L
Ls1
L=Lp nH

C
Cp2
C=Cp2 fF

C
Cp1
C=Cp1 fF

Photodiode 
Output

TIA 
Input

Bond Wire / Pad 
Parasitics  

Figure 3.27: Parasitics model of bond wire and pad capacitance for the discrete receiver 

Typical values of capacitance and inductance are listed in Table 3.14 to represent realistic 

bond wire and pad parasitics [54-55]. It should be noted that the bond wire inductance may 

cause unwanted gain peaking in the amplifier reducing the gain flatness of the receiver and 

degrading the overall receiver performance [26].  

Table 3.14: Bond wire and pad parasitic values [54-55] 

Name Description Units Value 
Cp1 Pad capacitance + bond wire capacitance fF 10 
Cp2 Pad capacitance + bond wire capacitance fF 10 
Lp Bond wire inductance nH 0.5 

 The values have been modified from those presented for the stand-alone TIA to 

accommodate the newly integrated photodiodes, and optimization was used to find values 

that approached the design specifications of Table 3.1. Table 3.15 lists these design values. 
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Table 3.15: Discrete optical receiver parameter variables 

Name Description Units  Optimized Value 
Feedback Feedback resistance Ω 330 
R1  Load resistance of input stage Ω 45 
R2  Load resistance of output stage Ω 45 
Cd1 Input coupling capacitance μF 1 
Cd2 Output coupling capacitance μF 1 
Ib Common mode base current mA 0.138 
Rsupply Current supply resistance Ω 240 

3.6.2 Monolithic Optical Receiver 

 Figure 3.28 depicts the monolithically integrated optical receiver. Here, two balanced 

photodiodes are directly attached to the input differential TIA. The two photodiodes are 

identical as described in section 3.3. In the case of the monolithically integrated device, no 

parasitics are added between the photodiodes and the TIA as it is assumed that connecting 

parasitic values are smaller than the parasitics of the photodiodes and TIA.  
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Figure 3.28: Monolithic optical receiver with balanced photodiodes and differential TIA
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Now that the schematic has been presented for the monolithically integrated optical 

receiver, values are given to the design parameters of the device. These values have been 

modified from those presented for the stand-alone TIA to accommodate the newly integrated 

photodiodes. Again, optimization was used to find values that approached the design 

specifications of Table 3.1. Table 3.16 lists these design values. As this table shows, only 

feedback resistance and R1 have been altered. Results for the monolithically integrated 

amplifier design will be presented in chapter 4 and will be compared to similar results for the 

discrete optical receiver previously discussed.  

Table 3.16: Monolithic optical receiver parameter variables 

Name Description Units  Optimized Value 
Feedback Feedback resistance Ω 95 
R1  Load resistance of input stage Ω 45 
R2  Load resistance of output stage Ω 45 
Cd1 Input coupling capacitance μF 1 
Cd2 Output coupling capacitance μF 1 
Ib Common mode base current mA 0.138 
Rsupply Current supply resistance Ω 240 
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4. SIMULATION RESULTS AND ANALYSIS 

4.1 Introduction 

 This chapter intends to provide the design simulation results of the optical receiver. It 

is divided in two sections: transimpedance amplifier and integrated optical receiver 

simulation results. The transimpedance amplifier simulations will be compared to published 

results when available, while for the monolithic receiver, the results will be analyzed against 

the discrete receiver ones. After designing and simulating the optical receiver, the following 

compliance table was created.   

Table 4.1: Optical receiver specification and compliance table  

Parameter 
 

Specification 
 

TIA Compliance 
 

Monolithic Receiver 
Compliance 

Low Frequency Gain (S21) 10.0 dB 18.8 dB 14.3 dB 
3-dB Frequency 50.0 GHz 50.3 GHz 50.0 GHz 
Unity Gain Frequency 80.0 GHz 86.1 GHz 75.6 GHz 
S11 @ 50 GHz -10.0 dB -19.5 dB -15.4 dB 
S22 @ 50 GHz -10.0 dB -10.7 dB -10.6 dB 
S11 @ 100 GHz -8.0 dB -8.4 dB -15.4 dB 
S22 @ 100 GHz -8.0 dB -8.5 dB -8.3 dB 
Differential Transimpedance 50.0 dB-Ω 50.9 dB-Ω 46.9 dB-Ω 
Clipped output eye amplitude 0.40 V 0.50 V 0.60 V 
Input for clipped output eye  500 μA 750 μA 0.08 V 
Dynamic Range 20.0 dB 28.8 dB 29.0 dB 
Power Consumption 600 mW 492 mW 542 mW 
Supply Voltage 5 V 5 V 5 V 
Device Temperature 175 oC 144 oC 169 oC 
3-dB Noise  100 pA/Hz^(1/2) See chapter 5 See chapter 5 

Technology 
InP DHBT / 

InGaAs PIN WGPD 
InP DHBT 

 
InP DHBT / 

InGaAs PIN WGPD 
HBT ft 230 GHz 289 GHz 289 GHz 
HBT fmax 147 GHz 210 GHz 210 GHz 
Photodiode 3 dB Frequency  70 GHz -- -- 

The rest of this chapter details the simulations performed to create Table 4.1. 
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4.2 Transimpedance Amplifier Results 

 The parameter values of the transimpedance amplifier, presented in Table 4.2, were 

optimized so that the TIA met the previously defined design specifications. Simulations were 

executed to determine the DC operating points and the small and large signal performance. 

Results of these simulations are presented below. 

Table 4.2: TIA parameter variables 

Name Description  Optimized Value 
RF (Ω) Feedback resistance 100  
R1 (Ω) Load resistance of input stage 110 
R2 (Ω) Load resistance of output stage 45 
Cd1 (μF) Input coupling capacitance 1  
Cd2 (μF) Output coupling capacitance 1 
Ib (mA) Common mode base current 0.138 
Rsupply (Ω) Current supply resistance 240 

4.2.1 DC Simulations 

 DC simulations were performed on the TIA to determine bias conditions, power 

dissipation, and temperature operation. Since the TIA is differentially paired with identical 

loads, the DHBT pairs have equivalent biases so that the amplifier remains balanced. The 

conditions are listed below in Table 4.3. Results come directly from ADS simulations using 

the values listed in Table 4.2 for the schematic in Figure 3.13. 

Table 4.3: Bias conditions of differential TIA amplifier stages (with single 5V power supply) 

 Stage 1 DHBTs Stage 2 DHBTs Stage 3 DHBTs 
IC (mA) 12.67 16.05 12.70 
IB (μA) 167.9 227.5 179.8 
VBE (V) 1.37 1.38 1.37 
VBC (V) -1.39 -1.42 -2.23 
VCE (V) 2.77 2.80 3.59 

As Table 4.3 indicates, the collector current was almost 13 mA for stage 1 and 3 DHBTs, 

while collector current was 16 mA for stage 2 operation. As mentioned in chapter 3, stage 2 
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current is higher than other stages due to the design of the current mirrors. These bias 

conditions allowed for optimum operation, so no further modifications were made. Table 4.4 

presents the DC conditions of the current mirrors used to bias the amplifier.  

Table 4.4: Bias conditions of TIA bias circuit 

 Diode connected 
DHBT 

Stage 1 Mirror 
DHBTs 

Stage 2 Mirror 
DHBTs 

Stage 3 Mirror 
DHBTs 

IC (mA) 13.90 12.84 15.93 12.88 
IB (μA) 165.5 142.8 212.1 143.6 
VBE (V) 1.39 1.39 1.39 1.39 
VBC (V) 0.00 0.57 -0.82 0.55 
VCE (V) 1.39 0.81 2.20 0.84 

 Now that the bias conditions are known for the circuit, the total power dissipated can 

be calculated. Table 4.5 lists the power dissipation for the TIA amplifier by stage. Dissipated 

power was found for all DHBTs and resistors by using equations 4.1-4.2.  

 CECE IVP =dissDHBT  (4.1) 

 RIP R
2

ordissResist =  (4.2) 

Table 4.5: Dissipated power for TIA 

 Device Size Power per device (mW) No. of Devices Power (mW) 
Stage 1 DHBTs 20 μm2 35.31 2 70.62 
Stage 2 DHBTs 20 μm2 45.25 2 90.49 
Stage 3 DHBTs 20 μm2 45.86 2 91.72 
Stage 1 Resistors 110 Ω 18.30 2 36.59 
Stage 3 Resistors 45 Ω 7.25 2 14.51 
Feedback Resistors 100 Ω 0.003 2 0.01 
Total    303.94 

Table 4.5 shows a total power of 303.9 mW. Table 4.6 lists the dissipated power for the 

amplifier bias circuit.  
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Table 4.6: Dissipated power for TIA bias circuit 

 Device Size Power per device (W) No. of Devices Power (mW) 
Diode connected DHBT 20 μm2 19.48 1 19.48 
Stage 1 Mirror 20 μm2 10.63 2 21.26 
Stage 2 Mirror 20 μm2 35.36 2 70.72 
Stage 3 Mirror 20 μm2 10.93 2 21.86 
Supply Resistor 240 Ω 54.44 1 54.44 
Total    187.77 

Table 4.6 shows a total power of 187.7 mW. Therefore, the total power of the differential 

transimpedance amplifier is 491.7 mW. Stage 1 (DHBTs and resistors) accounts for 22% of 

the total power, stage 2 accounts for 18%, and stage 3 accounts for 22%. The TIA bias circuit 

accounts for the remaining 38%. Figure 4.1 provides a visual of the power dissipation 

breakdown.  

Current Source / 
Mirrors

187.77 mW, 38%

Stage 1
107.21 mW, 22%

Stage 2
90.50 mW, 18%

Stage 3
106.23 mW, 22%

Total Dissipated Power = 491.70 mW  

Figure 4.1: Dissipated power breakdown for differential TIA 

The amplifier power consumption found in this simulation can be compared to results found 

in literature for a similar InP TIA with 30 GHz bandwidth [91]. In [91], the power 

consumption is measured to be 260 mW, as compared to the 300 mW value found in 

simulations. The higher power for the designed TIA is on account of the 12.5 dB greater gain 

and 20 GHz wider bandwidth than the measured TIA [91].  
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 The final set of DC results found was the temperature operation of each DHBT in the 

amplifier. The detailed temperature operation was discussed in section 3.2 and the amplifier 

specification was set to below 175oC. The final temperature of the device is a function of the 

bias conditions and thermal resistance as follows: 

 ( )CECthIF VIRTT +=  (4.3) 

Table 4.7 lists the final temperature of all transistors in the amplifier demonstrating that the 

lowest temperature is 53.5oC and the highest is 144.2oC. Worthwhile for notice are stages 1 

and 2 which indicate that, in the current mirrors, using devices in parallel to accommodate 

large current is a good means for lowering device temperature.  

Table 4.7: Temperature operation of DHBTs in TIA 

 Temperature (oC) 
Stage 1 DHBTs 116.8 
Stage 2 DHBTs 142.6 
Stage 3 DHBTs 144.2 
Diode connected DHBT 75.7 
Stage 1 Mirror DHBTs 52.6 
Stage 2 Mirror DHBTs 116.9 
Stage 3 Mirror DHBTs 53.5 

4.2.2 Small Signal Simulations 

 As defined in chapter 2, S21 defines the gain and bandwidth of the amplifier, while 

S11 and S22 are a measure of input and output reflections. When available, the small signal 

(S-parameter) simulations can be compared against published values of measurements for 

similar amplifiers. Figure 4.2 compares one single ended simulated result to a measured InP 

TIA [91]. Differential gain is naturally larger than single ended gain (approx. 6 dB larger). 

Therefore, the simulated results would display a fully differential gain (S21) of over 20 dB as 

compared to the measured gain of 12 dB [91].  
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(a) Simulated S-parameters (single ended): Supply voltage = 5V 

 
(b) Measured S-parameters (fully differential) 

Figure 4.2: S-parameters from (a) simulated InP design and (b) measured InP results found in 
“SiGe Differential Transimpedance Amplifier with 50-GHz Bandwidth” by Weiner [91] 

 Table 4.8 summarizes the simulations against InP and SiGe TIAs published for two 

similar amplifiers [91].  
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Table 4.8: Differential TIA high frequency comparison of simulated results to Weiner’s 
measured results [91] 

Measurement Simulated InP 
TIA 

Measured InP 
TIA [91] 

Measured SiGe 
TIA [91] 

3-dB Bandwidth (GHz) 50.31 30.00 > 50.00 
Unity Gain Freq (GHz) 86.10 -- -- 
Gain S21 (dB) 18.82 12.00 12.00 
S11 (dB) @ 50 GHz -19.50  < -5.00 < -10.00 
S22 (dB) @ 50 GHz -10.72 < -11.00 < -12.00 
S11 (dB) @ 100 GHz -8.42 -- -- 
S22 (dB) @ 100 GHz -8.54 -- -- 
* Differential 
Transimpedance (dB-Ω) 

50.90 48.00 49.00 

4.2.3 Large Signal Simulations 

The large-signal simulations were performed in the form of transient responses and 

eye diagrams for the frequency range of 10 to 50 GHz. Figure 4.3 depicts the input to the 

differential transimpedance amplifier used to produce the simulations in this section of the 

report. This input represents the output of two balanced photodiodes that are detecting a 

demodulated NRZ-DPSK signal as described in chapter 2. The two sources are pseudo-

random bit sequence (PRBS) voltage sources with 127 bit (27-1) pattern length. The current 

controlled current sources (CCCSs) will convert the voltage input into a current, to simulate 

the photodiode output.  
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Figure 4.3: Transient analysis input to differential TIA 

 The large signal simulations of the amplifier with a transient stimulus are shown in 

Figure 4.4. The stimulus is a 50 GHz differential 200 μA input data stream with a rise and 

fall time of 2 ns. The driving current simulates the output current of a photodiode detecting a 

demodulated DPSK signal. The differential output voltage is approximately 0.275 Vpp given 

by: 

 −+ −= outoutdiffout VVV  (4.4) 



 

 112

 

Figure 4.4: TIA transient input current and output voltage 

The transient response follows well with the given 50 GHz input for the entire data stream.  

 The eye diagrams were simulated at 10, 20, 30, and 40 GHz with the same differential 

data input data stream as above. Figure 4.5 (a) through (d) illustrates the output eye diagrams. 

The single ended input current was 500 μA for all cases. 
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(a) 10 GHz operation             (b) 20 GHz operation 

         

(c) 30 GHz operation            (d) 40 GHz operation 

Figure 4.5: Differential output eye diagram driven with input current of 500 μA 

The eye diagrams are open over the wide frequency range indicating that the amplifier is not 

bandwidth limited. The differential output amplitude remains at 0.4 Vpp for the 500 μA input. 

Figure 4.6 illustrates the output eye diagram for the differential TIA when driven with 

a 50 GHz differential input data stream. The current was varied between 1 μA, 500 μA, and 

750 μA for the single ended input. 
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(a) 50 GHz – 1 μA single ended input 

 

(b) 50 GHz – 500 μA single ended input 

 

(c) 50 GHz – 750 μA single ended input 

Figure 4.6: Differential output eye diagram driven with various 50 GHz PRBS amplitudes 
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The output swing (vertical eye openings) for 1 μA, 500 μA, and 750 μA inputs are 0.09 Vpp, 

0.4 Vpp, and 0.5 Vpp, respectively. However, the differential TIA output was pushed into 

clipping when the input was driven with 750 μA. At this point, the differential output 

amplitude is approximately 0.5 Vpp which is slightly lower than the measured results of 0.7 

Vpp [91].  

 In chapter 2, dynamic range is defined as the difference between the smallest and 

largest optical powers that can be successfully amplified by the front-end amplifier. From the 

values of Figure 4.6 and assuming 0.37 A/W for the photodiode response (chapter 3): 

 dBmmW
WA

A
R
I

erOpticalPow
WA

photo 69.250027.0
/37.0

1

/
min −====

μ  (4.5) 

 dBmmW
WA
A

R
I

erOpticalPow
WA

photo 07.30270.2
/37.0

750

/
max ====

μ  (4.6) 

The optical dynamic range of the TIA is given in equation 4.7. This wide dynamic range 

eliminates the need for a post amplifier in the optical receiver.  

 dBPPRangeDynamic 76.28minmax =−=  (4.7) 

Figure 4.7 plots the differential output eye amplitude versus the input optical power for the 

transimpedance amplifier design. This plot further illustrates the wide dynamic range of the 

amplifier. 
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Figure 4.7: Differential output eye amplitude versus photocurrent 

 Finally, Figure 4.8 provides the measured eye diagrams presented by Weiner for 

comparison purposes. In 4.8 (a), the InP TIA was driven with a 0.05 Vpp input data stream at 

40 Gb/s and achieved an output amplitude of 0.15 Vpp. In 4.8 (b), the output is clipped at 0.70 

Vpp for an input amplitude of 0.40 Vpp. The horizontal scale is 10 ps per division [91].  

 

Figure 4.8: Measured InP TIA results [91] 
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 In summary, the simulated differential TIA proved to have comparable large signal 

results to actual fabricated and measured devices [91]. Table 4.9 summarizes the results. 

Table 4.9: Large signal simulations for differential TIA as compared to measured TIA 
published by Weiner [91] 

Measurement Simulated InP TIA Measured InP TIA [91] 
Feedback Resistance 100 Ω 160 Ω 
Gain S21 18.82 dB 12.00 dB 
3-dB Bandwidth 50.31 GHz 30.00 GHz 
HBT ft @ bias 289 GHz 170 GHz 
HBT fmax @ bias 210 GHz 140 GHz 
Vsupply 5 V 4-5.2 V 
Output eye amplitude with 0.05 V input  0.40 V 0.15 V 
Clipped output eye amplitude 0.50 V 0.70 V 
Input for clipped output eye  750 μA 0.20 V 
Dynamic Range 28.76 dB -- 
Maximum data rate 50 Gb/s 42.7 Gb/s 

4.3 Integrated Optical Receiver Results 

 This chapter presents and compares the simulation results for two receivers: the 

discrete (Figure 3.26) and the monolithically integrated receiver (Figure 3.28). As discussed 

in chapter 3, the parameter values of the optical receivers were optimized so that the receiver 

approached design specifications. Table 4.10 again presents the values of the major design 

parameters for both receivers. The single difference between the two is the value of feedback 

resistance used. 

Table 4.10: Optical receiver parameter values 

Name Description Discrete Receiver  Monolithic Receiver 
RF (Ω) Feedback resistance 330 95 
R1 (Ω) Load resistance of input stage 45 45 
R2 (Ω) Load resistance of output stage 45 45 
Cd1 (μF)  Input coupling capacitance 1  1 
Cd2 (μF)  Output coupling capacitance 1 1 
Ib (mA) Common mode base current 0.138 0.138 
Rsupply (Ω) Current supply resistance 240 240 
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Using these values, the two receivers were simulated to determine the DC, high frequency, 

and large signal performance. Results of these simulations and a comparison between the two 

receivers are presented below.  

4.3.1 DC Simulations 

 DC simulations were performed on both receivers to determine bias conditions, 

power dissipation, and temperature operation. The first DC simulation allowed for the 

discovering of the bias conditions of the receivers. These conditions are listed below in Table 

4.11 for the discrete receiver and 4.12 for the monolithic receiver. Results come directly from 

ADS simulations using the values listed in Table 4.9 for the schematics in Figures 3.26 and 

3.28. 

Table 4.11: Bias conditions of discrete receiver amplifier stages  

 Stage 1 DHBTs Stage 2 DHBTs Stage 3 DHBTs 
Ic (mA) 13.79 18.65 13.92 
Ib (μA) 187.8 253.6 189.2 
Vbe (V) 1.37 1.39 1.38 
Vbc (V) -1.46 -0.63 -1.40 
Vce (V) 2.83 2.03 2.77 

Table 4.12: Bias conditions of monolithic receiver amplifier stages  

 Stage 1 DHBTs Stage 2 DHBTs Stage 3 DHBTs 
Ic (mA) 13.88 18.63 13.91 
Ib (μA) 188.5 253.4 189.1 
Vbe (V) 1.37 1.39 1.37 
Vbc (V) -1.41 -0.64 -1.40 
Vce (V) 2.79 2.03 2.78 

As Table 4.11 and 4.12 indicate, there is little difference in biasing between the two 

receivers. This is expected because the only differences between the two designs are the 

feedback resistance value and the addition of the bond wire in the discrete receiver. It will be 

shown that the bond wire negatively affects receiver performance at high frequencies. It 

should also be noted that the bias currents are somewhat higher than the 13 mA as originally 
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intended. Because these bias conditions allowed for optimum receiver performance, no 

further modifications were made. Table 4.13 and 4.14 presents the DC conditions of the 

current mirrors used to bias the amplifier.  

Table 4.13: Bias conditions of discrete receiver bias circuit 

 Diode connected  
DHBT 

Stage 1 Mirror 
DHBTs 

Stage 2 Mirror 
DHBTs 

Stage 3 Mirror  
DHBTs 

Ic (mA) 13.66 13.98 18.52 14.11
Ib (μA) 162.2 169.2 280.0 172.1
Vbe (V) 1.38 1.38 1.38 1.38
Vbc (V) 0 -0.15 -1.59 -0.21
Vce (V) 1.38 1.54 2.97 1.60

Table 4.14: Bias conditions of monolithic receiver bias circuit 

 Diode connected  
DHBT 

Stage 1 Mirror 
DHBTs 

Stage 2 Mirror 
DHBTs 

Stage 3 Mirror  
DHBTs 

Ic (mA) 13.66 14.06 18.50 14.10
Ib (μA) 162.1 171.0 279.3 171.9
Vbe (V) 1.38 1.38 1.38 1.38
Vbc (V) 0 -0.19 -1.59 -0.21
Vce (V) 1.38 1.58 2.97 1.59

 Now that the bias conditions are known for each receiver, the total power dissipated 

can be calculated. Table 4.15 and 4.16 list the power dissipation for each receiver by stage. 

Dissipated power was found for all DHBTs and resistors by using equations 4.1-4.2.  

Table 4.15: Dissipated power for discrete receiver 

 Power per device (mW) No. of Devices Power (mW)
Stage 1 DHBTs 39.30 2 78.60
Stage 2 DHBTs 38.14 2 76.28
Stage 3 DHBTs 38.90 2 77.80
Stage 1 Resistors 8.88 2 17.76
Stage 3 Resistors 8.73 2 17.46
Feedback Resistors 0.0116 2 0.0232
Total   267.92
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Table 4.16: Dissipated power for monolithic receiver 

 Power per device (mW) No. of Devices Power (mW)
Stage 1 DHBTs 38.93 2 77.86
Stage 2 DHBTs 38.20 2 76.40
Stage 3 DHBTs 38.93 2 77.86
Stage 1 Resistors 8.98 2 17.96
Stage 3 Resistors 8.71 2 17.42
Feedback 
Resistors 0.0034 2 0.0067
Total   267.51

The total dissipated power for the discrete receiver was nearly identical to the total dissipated 

power for the monolithic receiver as is expected. Table 4.17 and 4.18 list the dissipated 

power for the receiver bias circuits.  

Table 4.17: Dissipated power for discrete receiver bias circuit 

 Power per device (W) No. of Devices Power (mW)
Diode connected DHBT 19.13 1 19.13
Stage 1 Mirror 21.73 2 43.46
Stage 2 Mirror 55.47 2 110.94
Stage 3 Mirror 22.80 2 45.60
Supply Resistor 54.46 1 54.46
Total   273.53

Table 4.18: Dissipated power for monolithic receiver bias circuit 

 Power per device (W) No. of Devices Power (mW)
Diode connected DHBT 19.13 1 19.13
Stage 1 Mirror 22.42 2 44.84
Stage 2 Mirror 55.34 2 110.68
Stage 3 Mirror 22.73 2 45.46
Supply Resistor 54.46 1 54.46
Total   274.57

Again, dissipated power values were nearly equivalent in both receiver bias circuits. The 

total power of the discrete receiver is 541.51 mW, while the total power of the monolithic 

receiver is 542.08 mW. Figure 4.9 provides a visual of the power dissipation breakdown in 

both receivers.  
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(a) Discrete receiver dissipated power breakdown 
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(b) Monolithic receiver dissipated power breakdown 

Figure 4.9: Dissipated power breakdown for optical receivers 

 The final set of DC results found was the operating temperature of the DHBTs in 

each receiver. Temperature operation was discussed in section 3.2 and the specification of 

the amplifier was set to below 175oC. The final temperature of the device is a function of the 

bias conditions and thermal resistance as shown in equation 4.3. Table 4.19 and 4.20 list the 



 

 122

final temperature of all DHBTs in each receiver. As these tables show, all devices meet 

specifications with the worst case temperature being 169.2oC.  

Table 4.19: Temperature operation of DHBTs in discrete receiver 

 Temperature (oC) 
Stage 1 DHBTs 127.2 
Stage 2 DHBTs 124.2 
Stage 3 DHBTs 126.1 
Diode connected DHBT 74.8 
Stage 1 Mirror DHBTs 81.5 
Stage 2 Mirror DHBTs 169.2 
Stage 3 Mirror DHBTs 84.3 

Table 4.20: Temperature operation of DHBTs in monolithic receiver 

 Temperature (oC) 
Stage 1 DHBTs 126.2 
Stage 2 DHBTs 124.2 
Stage 3 DHBTs 126.2 
Diode connected DHBT 74.8 
Stage 1 Mirror DHBTs 83.3 
Stage 2 Mirror DHBTs 168.9 
Stage 3 Mirror DHBTs 84.1 

4.3.2 Small Signal Simulations 

 The next major simulation set comes from the S-parameters of the optical receivers. 

This high frequency analysis shows how the bond wire of a discrete receiver negatively 

impacts receiver performance. S-parameters of both receivers are compared in Figure 4.10. 

In both cases, the simulated S21 is the single ended gain.  
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(a) Discrete receiver design 
 

3-dB BW

 
 

(b) Monolithic receiver design 

Figure 4.10: S-Parameters from (a) discrete receiver design (b) monolithic receiver design: 
Supply voltage = 5V 

 Figure  4.10 shows that the bandwidth of the monolithic receiver is on the order of 20 

GHz greater than that of the discrete receiver. Bond wire and pad capacitance parasitics are 

the cause for decrease in bandwidth in the discrete case. The discrete receiver has higher gain 
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than the monolithic receiver mainly due to the increase of feedback resistance in the design 

which was used to reduce the gain peaking caused by the inductance of the bond wires [26]. 

To further compare the two, Table 4.21 was created. As the results show, the monolithic 

integrated receiver has sufficient gain with a larger bandwidth than the discrete receiver. 

Table 4.21: High frequency comparison of monolithic receiver versus discrete receiver  

Measurement Monolithic Receiver Discrete Receiver % Difference 
Gain S21 (dB) 14.26 24.04 40.7 %
3-dB Bandwidth (GHz) 50.01 30.31 39.4 %
Unity Gain Freq (GHz) 75.60 54.10 29.4 % 
S11 (dB) @ 50 GHz -15.42 -15.41 0.1 %
S22 (dB) @ 50 GHz -10.61 -11.55 8.1 %
S11 (dB) @ 100 GHz -15.41 -15.41 0.0 %
S22 (dB) @ 100 GHz -8.31 -7.95 4.3 %
* Differential 
Transimpedance (dB-Ω) 

46.88 56.66 20.1 %

4.3.3 Large Signal Simulations 

 The large signal simulations are presented in the form of transient responses and eye 

diagrams for the frequency range of 10 to 50 GHz (for schematics in Figures 3.26 and 3.28). 

Figure 4.11 depicts the input of the discrete receiver, while Figure 4.12 illustrates the input of 

the monolithic receiver.  
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Figure 4.11: Transient analysis input for discrete integrated receiver 

In Figure 4.11, the input to the TIA is split up into three blocks. The first block represents 

optical demodulated NRZ-DPSK signal as described in chapter 2. The second block of 

Figure 4.11 models the two off-chip balanced photodiodes. Finally, the third block models 

the parasitics of the bond wire and pad capacitances connecting the photodiodes to the TIA.  
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Figure 4.12: Transient analysis input for monolithically integrated receiver 

In Figure 4.12, the input is identical to the discrete receiver input without the bond wire 

parasitics. Again, the first block models the optical demodulated NRZ-DPSK signal and the 

second block models the dual balanced photodiodes.  

 Figure 4.13 and 4.14 illustrate the single ended input voltage and differential output 

voltage of the receiver when driven with a 50 GHz differential input (PRBS) data stream. 

The driving voltage simulates the demodulated DPSK optical input into the photodiodes. The 

differential output voltage of the discrete receiver is approximately 0.6 Vpp, while the 

differential output voltage of the monolithic receiver is approximately 0.2 Vpp.  
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Figure 4.13: Discrete receiver transient input and output voltage at 50 GHz 
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Figure 4.14: Monolithic receiver transient input and output voltage at 50 GHz 
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Two major differences can be noticed from Figure 4.14: the discrete receiver has a larger 

output voltage because of the higher gain (larger feedback resistance). However, the 

monolithic receiver has a cleaner output response due to its wider bandwidth. 

 The effect of the bandwidth response can be seen on the eye diagrams. Figure 4.14 

illustrates the output eye diagrams for both receivers when driven with the 50 GHz 

differential input data stream. With input voltages varying from 0.1 mV to 80 mV for the 

single ended case, Figure 4.15 illustrates the eye diagrams for both receivers: discrete (left) 

and monolithic (right). 
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 Discrete Receiver Monolithic Receiver 

(a) 50 GHz – 0.1 mV single ended input 

 
 Discrete Receiver Monolithic Receiver 

 
(b) 50 GHz – 50 mV single ended input 

 

 Discrete Receiver Monolithic Receiver 
 

(c) 50 GHz – 80 mV single ended input 

Figure 4.15: Differential output eye diagrams driven with various 50 GHz PRBS amplitudes 
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In all three cases of Figure 4.15, the eye diagrams are open for the monolithic receiver while 

the discrete suffers from inter-symbol interference. The superior performance is due to the 

larger bandwidth and less parasitics of the monolithically integrated receiver.  

 The output swings (vertical eye openings) of the monolithic receiver for the 0.1 mV, 

50 mV, and 80 mV inputs are 0.001 Vpp, 0.45 Vpp, and 0.60 Vpp, respectively. The receiver 

reached saturation when the input was 80 mV. 

 Optical dynamic range can be calculated for the monolithically integrated receiver. 

Figure 4.14 shows the smallest optical input value to be 0.1 mV while the largest is 80 mV. 

The smallest and largest optical input powers are calculated below. 

 
( )

dBmmW
WA
mAVerOpticalPow 67.220054.0

/37.0
50/min

min −===  (4.8) 

 
( )

dBmmW
WA

V
erOpticalPow 36.63243.4

/37.0
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max ===  (4.9) 

Therefore, the dynamic range of the monolithic receiver is 29.03 dB. The simulated dynamic 

range can be compared to 10 dBm found in literature for a similar optical receiver with 40 

GHz bandwidth [76]. Figure 4.16 plots the differential output eye amplitude versus the input 

optical power for the monolithic integrated receiver. This plot further illustrates the wide 

dynamic range of the receiver. 



 

 131

0

100

200

300

400

500

600

700

0.00 1.00 2.00 3.00 4.00 5.00 6.0

Single Ended Optical Input Power (mW)

Pe
ak

-to
-P

ea
k 

D
iff

 E
ye

 V
ol

ta
ge

 (m
V)

Dynamic Range

 

Figure 4.16: Differential output eye amplitude versus photocurrent 

 Lastly, Figure 4.17 illustrates the output eye diagram for the monolithically integrated 

receiver when driven with 10, 20, 30, and 40 GHz differential (PRBS) input data streams.  

         

(a) 10 GHz operation        (b) 20 GHz operation 

          

(c) 30 GHz operation         (d) 40 GHz operation 

Figure 4.17: Differential output eye diagram of monolithic receiver when driven with optical 
input voltage of 50 mV 
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Figure 4.17 shows that the eye diagram remains open over a wide range of frequencies. The 

differential output amplitude remains at approximately 0.45 Vpp for all cases. 

 In summary, although the discrete receiver performed with transient responses 

equivalent to 50 GHz waveforms, the eye diagrams were not properly open at 50 GHz. On 

the other hand, the monolithic integrated receiver had a superior performance in the transient 

response, and open eye diagrams for wide input conditions at 50 GHz. Table 4.22 

summarizes the simulation results.  

Table 4.22: Large signal simulations for monolithically integrated receiver as compared to 
discrete receiver 

Measurement Monolithically Integrated Receiver Discrete Receiver 
Feedback Resistance 95 Ω 330 Ω 
Gain S21 14.26 dB 24.04 dB 
3-dB Bandwidth 50.01 GHz 30.31 GHz 
Output eye amplitude with 0.05 V input  0.45 V Closed 
Clipped output eye amplitude 0.60 V Closed 
Input for clipped output eye  0.08 V Closed 
Dynamic Range 29 dB -- 
Maximum data rate 50 Gb/s 30 Gb/s 
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5. NOISE ANALYSIS AND RESULTS  

5.1 Noise Analysis  

 The noise analysis for the monolithic receiver is divided into three sections: 

photodiode noise, transistor noise, and transimpedance amplifier noise. The simulations were 

performed for the monolithic optical receiver schematic shown on Figure 3.28 with the 

design parameters contained in Table 4.9.  

5.1.1 Photodiode Noise 

 The total output current of a photodiode is the sum of the photocurrent produced by 

the conversion of light into electrical energy and the noise currents of the photodiode. The 

three major sources of noise current include thermal noise, shot noise, and amplified 

spontaneous emission (ASE). Thermal noise is due to random electron motion caused by 

thermal effects in the photodiode, while shot noise is due to the random distribution of 

electrons generated by photo detection. Thermal noise directly adds to the photocurrent of the 

photodiode, while shot noise is a representation of photocurrent variance. Amplified 

spontaneous emission (ASE) is created by optical amplifiers found within a fiber optic 

communication system, is external to the optical receiver, and will not be considered in noise 

simulations [72].  

 Both types of photodiode noise – thermal and shot – are represented by a Gaussian 

random process. The thermal noise current is given by: 

 
R

Tki B
thermal

4
=  (5.1) 

where kB is the Boltzmann constant, T is the operating temperature (in Kelvin), and R is the 

device resistance. The units of Ithermal are HzpA / .The thermal noise current is shown to 

have a variance of: 
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 BW
R

TkBWi B
thermalthermal

422 ==σ  (5.2) 

where bandwidth is the electrical bandwidth of the photodiode. Shot noise current is 

expressed by:  

 photoshot eIi 2=  (5.3) 

where e is the electron charge and photoI  is the produced photocurrent. Again, the units of Ishot 

are HzpA / . Shot noise current has a variance of: 

 BWeIBWi photoshotshot 222 ==σ  (5.4) 

Although the shot noise contributes to the overall noise in a photodiode, thermal noise tends 

to dominate in practical detectors [72]. Figure 5.1 illustrates the main noise sources 

incorporated into the small signal photodiode model. Here, the thermal noise current has 

been converted into its Thevenin equivalent voltage – TRBWkv bthermal 42 = . Note that only the 

series photodiode resistance has a noise source, as this contribution dominates the noise. 

R
Rs

L
Ls

C
Cp

R
Rsh

C
Csh

Term
Term4

C
Cpd

CCCS
SRC3

Term
Term3

~

↑

2
)(Rsthermalv

2
shoti

 

Figure 5.1: Photodiode small signal model with included noise sources 

 The total output current of a photodiode is the sum of the photocurrent and noise 

currents. This is depicted in equation 5.5. 
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4
2 ++=++=  (5.5) 

This output current, Itotal, is a Gaussian random process with mean photoI and variance: 

 222
thermalshot σσσ +=  (5.6) 

Equation 5.6 explains the noise limitations of the photodiode. Because shot noise and thermal 

noise are both proportional to bandwidth, the overall noise of the photodiode is also 

proportional to bandwidth. This proportionality comes with the realization of the noise / 

bandwidth tradeoff in the photodiode. As the bandwidth of the device increases, the noise 

also does. This is one of the fundamental limitations of the photodiode [72].  

5.1.2 Transistor Noise 

 The major sources of noise in a transistor (HBT) include shot, thermal, flicker (1/f 

noise), and burst noises. These noise sources add to the transistor small signal model in 

Figure 3.3. Shot noise can be represented by adding a current source between corresponding 

nodes (parallel) in the HBT, while thermal noise can be represented by adding a voltage 

source in series with the corresponding resistance [27]. Noise sources are added to the small 

signal model as shown in Figure 5.2.  
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Figure 5.2: HBT small signal model with included noise sources 

Shot noise exists in both the base-collector and the base-emitter regions of the HBT. 

Shot noise in the base-collector region is due to the random processes of minority carriers 

drifting and diffusing across the base to the collector. It is represented by a current source 

between the base and collector nodes with value:  

 BWqIi Cc 22 =  (5.7) 

Shot noise in the base-emitter region originates from the random process of recombination in 

the base-emitter depletion region and carrier injection from the base to emitter [27]. Base-

emitter shot noise is represented by a current source between the base and emitter nodes with 

value: 

 BWqIi Bb 22 =  (5.8) 

 Thermal noise exists in the resistances of the HBT and is due to the random motion of 

electrons caused by thermal effects. The noise sources and their corresponding resistances 
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were presented in Figure 5.2. Although all resistances in the HBT model are sources of 

thermal noise (rbi, rci, re, rbx, and rcx), the base resistance thermal noise (rbi and rbx) dominates 

[27]. Thermal noise sources are given below in equations 5.9-5.13. These noise voltages are 

placed in series with their corresponding resistances in the small signal model. 

 ( )BWrTkv biBrbi 42 =  (5.9) 

 ( )BWrTkv ciBrci 42 =  (5.10) 

 ( )BWrTkv eBre 42 =  (5.11) 

 ( )BWrTkv bxBrbx 42 =  (5.12) 

 ( )BWrTkv cxBrcx 42 =  (5.13) 

 Other noise sources include flicker (1/f noise) and burst noise. Flicker noise is caused 

by the random capturing and releasing of carriers in traps associated with crystal defects (also 

impurities). Burst noise is better known as popcorn noise. The origins of popcorn noise are 

not well understood, but can be experimentally measured. Both flicker noise and burst noise 

are represented by current sources between the base and emitter nodes in parallel with the 

base shot noise current source. Therefore, these noise sources add together to give a total 

noise current of equation 5.14 in the base emitter region. In equation 5.14, the first term is the 

shot noise, the second term is the flicker noise, and the third term is the burst noise of the 

transistor.  
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Here, KF, KB, AF, and AB are constants that are dependent upon the device characteristics. fc 

is the frequency at which burst noise starts to take effect. These constants are only found 
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through experimental verifications [27]. Equation 5.14 shows again that as the bandwidth of 

the transistor increases, so does the noise. 

 At high frequencies, flicker noise and burst noise quickly diminish in the HBT. 

However, thermal and shot noises dominate. At lower frequencies, flicker noise dramatically 

increases and dominates over all other noise types [27]. This can be seen in Figure 5.3 where 

the total input noise has been plotted against frequency for the altered HBT model as defined 

in chapter 3. Here, KF, KB, AF, and AB were set to 1.0.  

Shot / Thermal 
Noise Dominates

0 25 50

1/f Noise Dominates

 

Figure 5.3: Noise versus frequency for a single HBT. VCE = 1.2 V, IC = 13 mA 

5.1.3 Transimpedance Amplifier Noise 

 Now that the noise sources of the photodiode and the HBT have been identified, the 

total noise of the TIA should be determined. Two common figures of merit include input 

referred noise and noise figure. Because noise calculations become quite convoluted for the 

entire TIA design, the input referred noise and noise figure of the receiver will be found 

through simulations in section 5.2. This section of the report gives approximate expressions 

for both figures so some qualitative conclusions can be made about designing for optimum 

noise performance.  
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 Input referred noise is defined as the minimum input current needed to give a 

specified bit-error-rate value. This value is quite important; in that reducing the input referred 

noise leads to relaxed system specifications. Knowing that the noise of the first stage of the 

TIA dominates the total noise performance, the single-ended input referred current noise is 

approximated in equation 5.15 [36].  
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where Qin represents the input transistor of one side of the TIA. CPD and Cin are the 

photodiode and TIA input capacitances, respectively. Two very important qualitative 

arguments can be made from equation 5.15. First, as TIA frequency operation increases, 

noise also increases. Secondly, as feedback resistance increases, noise decreases (by RF
2) 

until the 1/ RF
2 term becomes small. These arguments should be taken into account for TIA 

design considerations. TIA input referred current noise is plotted against feedback resistance 

for the monolithic optical receiver of Figure 3.34 below. The simulation was performed by 

varying feedback resistance at 50 GHz operation with all other parameter values (in Table 

3.16) held constant.  
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Figure 5.4: Input referred noise versus feedback resistance. Vbias = 5V 
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As recalled from chapter 3, as the feedback resistance increases, the gain increases 

and the bandwidth becomes narrower (refer to Figure 3.24). In addition to the gain bandwidth 

product tradeoff, a noise bandwidth tradeoff also exists. The major design tradeoffs are listed 

in equations 5.16 and 5.17. As the feedback resistance increases, the gain increases but the 

bandwidth will decreases linearly, while the noise decreases not linearly but by RF
2 (with all 

other parameters fixed) until the 1/ RF
2 term becomes small [36].  

 NoiseBWGainRF ↓↓↑⇒↑ ,,  (5.16) 

 NoiseBWGainRF ↑↑↓⇒↓ ,,  (5.17) 

In addition to the input referred noise, another figure of merit for the optical receiver 

is the noise figure (NF). It is the relation of the signal to noise ratio (SNR) of the input to the 

signal to noise ratio (SNR) of the output:  

 ( ) optsrc

optsrcn

out

in
r

NF
SNR
SNR

NF
Γ+Γ−

Γ−Γ
+==

11

4
2

2

min  (5.18) 

where NFmin is the minimum NF possible, rn is the noise resistance of the amplifier, srcΓ  is 

the source impedance, and optΓ  is the optimum impedance for minimum noise when matched 

to a 50 Ω termination. When an amplifier is well matched to a load, srcΓ ≈ optΓ and the actual 

NF is equal to the minimum NF. In a cascade amplifier, such as in the present case of the 

TIA under study, the first stage NF dominates [71]. This can be shown: 

 ( ) L+−+= 11
2

1
1 NF

Gain
NFNFcascade  (5.19) 

The simulation results for input referred noise and noise figure of the monolithic optical 

receiver will be presented in section 5.2.  
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5.2 Noise Results  

 The simulation results for the noise analysis of the monolithic optical receiver were 

performed with the schematic of Figure 3.28 at a temperature of 290 K (IEEE definition of 

noise figure measurement). It should also be noted that flicker and burst noise were ignored 

for the simulations in this section, as flicker and burst noise require experimental testing to 

determine noise coefficients. This is a reasonable approximation, considering that the optical 

receiver operates at very high frequencies. The noise simulation results can be split up into 

three sections: 3-dB noise versus bandwidth, 3-dB noise versus bias, and noise figure results.  

5.2.1 3-dB Noise versus Bandwidth 

 There exists a tradeoff between noise and bandwidth in the monolithic optical 

receiver and to simulate this tradeoff, the receiver’s design parameters were modified and 

optimized to obtain specifically 10, 20, 30, 40, and 50 GHz bandwidths. Table 5.1 lists the 

parameter values corresponding to the lowest noise operation at each particular bandwidth.  

Table 5.1: Monolithic optical receiver parameter values for minimum noise 

Name 50 GHz 40 Ghz 30 Ghz 20 Ghz 10 Ghz 
Electrical BW (GHz) 47.34 39.41 30.37 20.72 9.40 
Gain (dB) 11.44 14.27 17.88 19.79 23.20 
Input referred noise (pA/ Hz ) 64.93 49.56 34.48 25.36 16.96 
Feedback (Ω) 95 135 235 340 740 
R1 (Ω) 45 50 75 75 85 
R2 (Ω) 45 55 60 60 60 
Rsupply (Ω) 480 580 760 870 1170 
Bias Current per device (mA) 7.39 6.15 4.81 4.205 3.05 

Figure 5.5 plots the input referred noise in pA/ Hz against bandwidth for the five different 

cases presented in Table 5.1. The input noise was measured at the 3-dB frequency for each 

case.  
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Figure 5.5: Minimum input referred noise versus electrical bandwidth for the monolithic 
optical receiver 

 Figure 5.5 shows the tradeoff between electrical bandwidth and noise. The noise 

values found in these simulations are comparable to those found in literature for a similar 

TIA circuit with a 47 GHz bandwidth [92]. The input referred current noise for an InP HBT 

differential TIA is measured to be 25 pA/ Hz for 10 GHz operation and 40 pA/ Hz for 40 

GHz operation in [92]. This is quite comparable to the 25 pA/ Hz (10 GHz) and 50 

pA/ Hz  (40 GHz) found in simulations again proving that the monolithic optical receiver is 

a quality design.  

5.2.2 3-dB Noise versus bias 

 In order to achieve the minimum noise for a particular frequency, as was done in the 

section 5.2.1, the bias current of the TIA had to be optimized. To do this, plots were made of 

input referred noise versus DC bias current for 10, 20, 30, 40 and 50 GHz bandwidth designs 

presented in Table 5.1. Input referred noise of the monolithic receiver was measured while 

varying HBT bias current and holding all other parameters constant (in Table 5.1). Results of 

these simulations are presented below in Figure 5.6.  
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Figure 5.6: Input referred noise versus bias current  

 

 

 

 

 

 

 

 

 

 



 

 144

10

15

20

25

0 5 10 15 20

Ice (mA) Per Device

N
oi

se
 a

t 1
0 

G
H

z 
(p

A
/H

z^
(1

/2
))

 

(a) Monolithic optical receiver electrical BW = 10 GHz 
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(b) Monolithic optical receiver electrical BW = 20 GHz 
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(c) Monolithic optical receiver electrical BW = 30 GHz 
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(d) Monolithic optical receiver electrical BW = 40 GHz 
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(e) Monolithic optical receiver electrical BW = 50 GHz 

As Figure 5.6 shows, there is a distinct noise minimum for each operation frequency which 

spans over a small range of bias current.  The bias current for each noise minimum is listed in 

Table 5.2 along with the corresponding ∆ bias current. ∆ bias current is defined as range of 

bias that keeps the amplifier to within ± 1 pA / Hz of the noise minimum. While values 

were visually illustrated in Figure 5.6e for the 50 GHz case, results for all cases are presented 

below. 
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Table 5.2: Bias current / ∆ bias needed to stay within ± 1 pA / Hz of the noise minimum 

Bandwidth 
(GHz) 

Minimum Noise 
(pA / Hz ) 

Bias Current for 
Minimum Noise (mA) 

∆ bias to stay within  
± 1 pA / Hz  (mA) 

47.34 64.933 7.39 5.04 
39.41 49.59 6.15 5.05 
30.37 34.48 4.67 5.15 
20.72 25.36 4.10 5.35 
9.40 16.96 3.05 5.65 

Table 5.2 shows that as long as the bias current stays within approximately ± 2.5 mA of the 

noise minimum, very low noise can be achieved. Beyond the ± 2.5 mA, noise starts to 

steadily increase.  

 In addition to plotting 3-dB noise versus bandwidth and bias current, 3-dB noise can 

also be plotted versus frequency for the 50 GHz monolithic optical receiver design presented 

in chapter 3 and 4. This plot is different than the noise versus bandwidth plot in that all 

variables were held constant (from Table 3.16) as frequency was swept and noise was 

measured.  

 

Figure 5.7: Input referred noise versus frequency for 50 GHz monolithic optical receiver 
design (schematic in Figure 3.28, parameters in Table 3.16) 
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Figure 5.7 shows that the input referred noise decreases with frequency operation for a 

receiver with a constant bandwidth. Therefore, receiver performance improves for lower bit 

rate systems using the same optical receiver.  

5.2.3 Noise Figure 

 The final set of noise simulations includes the noise figure plots for the monolithic 

optical receiver. Figure 5.8 presents the plots for the noise figure (NF) and minimum NF 

versus frequency for the 50 GHz monolithic optical receiver design (schematic in Figure 

3.28, parameters in Table 3.16).  

NF

NFmin

 

Figure 5.8: Noise figure versus frequency for 50 GHz monolithic optical receiver design 
(schematic in Figure 3.28, parameters in Table 3.16) 

 

This plot shows that the noise figure is approximately equal to the minimum noise figure for 

all frequencies. Based on equation 5.18, it can be concluded that srcΓ ≈ optΓ and the amplifier 

is well matched to the 50 Ω terminations.  

 The noise figure at the 3-dB frequency was determined for the five different receiver 

bandwidth cases presented in Table 5.1. This allows for a noise figure versus bandwidth 
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comparison. Results are presented below in Table 5.3. Again, all design parameters were set 

as detailed in Table 5.1. 

Table 5.3: NF results of monolithic optical receiver optimized for different electrical BWs 

Name 50 GHz 40 Ghz 30 Ghz 20 Ghz 10 Ghz 
Electrical BW (GHz) 47.34 39.41 30.37 20.72 9.40 
Gain (dB) 11.44 14.27 17.88 19.79 23.20 
Noise Figure (dB) 15.61 13.77 11.14 9.07 6.55 

The results of Table 5.3 have been plotted in below in Figure 5.9. This plot further 

emphasizes the tradeoff between electrical bandwidth and noise. 
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Figure 5.9: NF versus electrical bandwidth for the monolithic optical receiver 
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6. CONCLUSIONS AND FUTURE WORK 

 This thesis focused on the design, analysis, and simulation of a 1.55 μm monolithic 

optical receiver consisting of two balanced waveguide photodiodes integrated with a 

differential transimpedance amplifier, based on InP double heterojunction bipolar technology 

for a 50 GHz differential phase shift keying system. The goals of the design included: high 

amplifier gain and wide bandwidth, 50 Ω impedance matching, smooth transient response, 

open eye diagrams at 50 Gb/s, a large optical dynamic range, low power dissipation with a 

single 5V supply, low device operating temperature, and low noise operation.  

 A small signal equivalent model based upon the Gummel-Poon BJT model was 

developed for the InP / InGaAs double-heterojunction bipolar transistor (DHBT) for use in 

circuit simulations [108-109]. The DHBT model was determined by fitting to measured S-

parameters for a 180 nm collector base-metal-overlaid structure (BMOSA) with 20 μm2 

hexagonal emitter [59]. In addition, a thermal model was incorporated to estimate the device 

operating temperatures [109]. Results showed the DHBT model S-parameters agree with the 

measured ones over a wide frequency range. However, the large signal model was limited in 

accuracy because no large signal measured data was published in [59]. The maximum 

transition frequency and frequency of oscillation of the model used in simulation were 289 

and 210 GHz, respectively.  

 A small signal equivalent model was developed for the InGaAs PIN waveguide 

photodiode (PIN-WGPD) based upon data from [60]. The PIN-WGPD model parameters 

were found by fitting the photodiode gain profile to measured results for a 300 nm thick 

evanescently waveguide coupled PIN-PD with a total area of 5x20 μm2 [88]. The fitted 

results agreed well with the measured ones over the entire frequency range of 0–50 GHz. The 
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bandwidth of the model used in the simulation was 70 GHz and a responsivity value of 0.37 

A/W was assumed [88].  

 After the model parameters were found for both the transistor and photodiode, a fully 

differential 3-stage transimpedance amplifier was designed and optimized. Bias conditions 

and design variables were defined based on the gain, bandwidth, and noise tradeoffs of the 

amplifier within the amplifier specifications (Table 4.1). After optimizations, the 

transimpedance amplifier exhibited a gain of 18.8 dB, bandwidth of 50.3 GHz, 

transimpedance of 50.9 dB-Ω, and input and output reflection of better than -10 dB. Large 

signal simulations showed the eye diagram to be open at 50 Gb/s with a large optical 

dynamic range of 28.8 dB. DC simulations indicated that all devices operated at a 

temperature of less than 144oC while the power dissipation was less than 305 mW. The 

simulation results were compared to measured ones found for similar amplifiers [91]. 

 Finally, it was shown that the monolithic optical receiver outperformed the hybrid 

one in terms of bandwidth and transient performance. After being optimized, the hybrid 

receiver exhibited a gain of 24.0 dB and a bandwidth of 30.3 GHz, while the monolithic 

receiver showed a gain of 14.3 dB and bandwidth of 50.0 GHz. Both receivers had input and 

output reflections better than -10 dB at 50 GHz. However, eye diagram simulations showed 

that only the monolithic receiver could perform at 50 Gb/s in DPSK format with a optical 

dynamic range of 29.0 dB. Noise analysis on the monolithic optical receiver showed the 

receiver to have an input referred current noise of less than 65 pA / Hz  at a 50 GHz 

bandwidth. These results are comparable to those found in literature [92].  

 Future work of this project includes investigating the use of other devices and 

material systems for the fabrication of the optical receivers. Possible options include 
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BiCMOS SiGe transistors. The choice of devices and materials would be based upon the 

availability of an outside foundry to fabricate the devices.  

 Other possibilities for future work include using a light wave simulator to simulate 

the optical properties of the receiver. In addition, programs such as SUPREM can be used for 

semiconductor doping profiles and PISCES for electrical simulations of the processed 

devices.  
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Figure A.1: Adjusted DHBT model 


