
ABSTRACT

MALHOTRA, AYUSH. Wideband Quadrature Clock Generation for Digital Beamforming
Applications. (Under the direction of Brian Floyd.)

Digital Beamforming Systems are increasingly becoming an attractive beamforming

architecture in today’s millimeter-wave phased array markets as they can offer extremely

wideband operation, can operate as MIMO platforms, and can create multiple simultane-

ous beams. To implement these state-of-the-art beamforming techniques, tunable passive

mixer first architectures are preferred over amplifier-first architectures as they offer wide

LO tuning with improved linearity and blocker tolerance. To realize these wideband mixers

first architectures, generation of low power wideband quadrature LO clocks with minimal

I/Q phase error and amplitude mismatch presents a major challenge in today’s mm-Wave

systems. In this thesis, a novel wideband Quadrature Clock Generator (10GHz – 50GHz) is

presented exploiting the tunability in the Quadrature All-Pass Filters (QAF) while achiev-

ing high quadrature precision over the entire bandwidth. Also, a novel I/Q measurement

and correction technique is proposed and designed to achieve an even higher-level of

quadrature phase and amplitude accuracy.

The 10GHz - 50GHz tunable Quadrature All-Pass Generator is designed and taped out in

45nm RFSOI CMOS technology. The All-Pass Quadrature Generator is band switched using

a Digital Logic which provides the required three-band switching capability to maintain

wideband operation with high Image Rejection Ratio (IRR). A fine tune VDD control is also

provided by the Digital Logic to adjust the Q of the QAF within a band and improve the IRR

> 40 dB. A novel measurement and correction circuit that can detect both I/Q amplitude

mismatch and quadrature phase error is also implemented as a solution to automatic

feedback I/Q correction of the Quadrature Generator.

Post Layout Simulation of the Quadrature Generator shows a remarkable fractional

bandwidth of more than 100% while achieving a minimum IRR of 30 dB (<± 2.9◦ quadrature



phase error and < ±0.36 dB of I/Q amplitude mismatch) and a voltage loss of 3 – 5.8

dB. The simulations results of the I/Q measurement circuit shows excellent quadrature

measurement capability within < ± 0.3◦ quadrature phase error and < ±0.1 dB of I/Q

amplitude mismatch. The quadrature calibration circuit when employed with the fine

VDD tuning of the Digital Logic can increase the IRR of the Quadrature Generator > 40 dB.

With reduced power consumption and such high IRR, the proposed Quadrature Generator

provides more than double the fractional bandwidth over prior state-of-the-art designs

and is the highest reported for current mm-Wave wideband LO Generation schemes.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

There is an increasing interest in making broader use of the millimeter wave frequency band

for communications on small mobile platforms where narrow antenna beams from small

radiating apertures provide enhanced communication security. Also, there is a huge de-

mand for mobile systems supporting high data rates (multi-Gbps), which can be leveraged,

courtesy to the higher available bandwidth in mm-Wave Band. To facilitate the growing

demand of higher data rates and support higher modulations systems, WRC-15 has ap-

proved a number of candidate frequency bands in the mm-Wave range from 24 - 100 GHz,

speci�cally, (in GHz: 24.25 -27.5; 31.8 - 43.5; 45.5 - 50.2; 50.4 - 52.6; 66 - 76; 81 - 86) [Sha17].

However, today's millimeter wave systems are not user friendly and are designed to be

platform speci�c, lacking interoperability and are thus reserved for only the most complex

platforms. To expand the use of millimeter wave phased-arrays and make them broadly

applicable across defense systems as well as current 5G Systems ( 24GHz -39GHz) , many

technical challenges must be addressed, including wide band frequency coverage , precision
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Figure 1.1 Illustrating the approved mmWave frequency bands by WRC

beam pointing, user discovery and mesh networking [DAR18].

To address these challenges, mixer �rst architectures are becoming more common be-

cause they enable downconversion over wide local-oscillator (LO) and radio frequency (RF)

ranges, with frequency selectivity, improved linearity and blocker tolerance over broadband

ampli�er-�rst receivers [Har19]. However, a major challenge in realizing and extending

the operating range of such receivers is in generation of sharp multi-phase clocks, with

minimal IQ amplitude and phase mismatch. I / Q phase and amplitude imbalances lower

the image rejection ratio (IRR) of the receiver and directly impact the communication

error vector magnitude (EVM) especially for higher order modulation schemes [Pir18]. Also,

the stringent requirements on power consumption especially in the digital beamformers

is demanding the use of passive quadrature architectures with minimal low power I / Q

calibration circuity .

In this thesis, a low power, broadband quadrature I / Q LO generator (10GHz - 50GHz)

for mm-Wave mixer �rst receiver is proposed and designed. It covers more than 100 % of

fractional bandwidth (around 133%) by utilizing novel coarse and �ne calibration tech-

niques. The calibration circuit utilizes the principle of COMET [Gre18] (Code Modulation

Based Embedded Test for Phased Arrays) to achieve high quadrature accuracy and hence

improve the IRR (Image Rejection Ratio) of the mixer �rst receivers.
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1.2 Objective

The work presented in this thesis targets the generation of broadband, low power, 4- phase

Local Oscillator clocks that can be in Software De�ned Radios and adaptive Digital Beam-

formers. The architecture review is performed on various state-of -the-art designs, both

active and passive methods of generating quadrature clocks and understanding the various

trade-offs in terms of quadrature accuracy, area, power and fractional bandwidth. Then, a

novel and extremely wideband (covering more than 100 % fractional bandwidth) quadra-

ture LO clock architecture is implemented using the Global Foundries 45nm RFSOI CMOS

technology and simulated for parasitic extracted layout.

The thesis is organised as follows:

Chapter 2. Quadrature LO Generation Techniques : In this chapter, quadrature signal

generation at mm-Wave frequencies is briefed along with the requirements for quadrature

generation, followed by a discussion on the active and passive quadrature generation

techniques at mm-Wave frequencies.

Chapter 3. Proposed Wideband All- Pass Quadrature Generator : In this chapter, par-

asitic loading effect on the All-Pass �lter is discussed, and a new tunable All-Pass design

is proposed. Requirements of the desired quadrature clock is met by choosing optimum

design component values and designing a control logic, which is veri�ed through circuit

simulations.

Chapter 4. Novel I / Q Phase and Amplitude Correction Techniques: Some of the com-

monly used I / Q correction / calibration techniques are reviewed and their drawbacks are

discussed. Then, a novel CoMET based I / Q calibration technique is proposed which can

detect both quadrature phase error and I / Q amplitude mismatch.

Chapter 5. Simulation Results: Quadrature Generation and Calibration : Simulation

results are presented for the proposed Quadrature Generator and the I / Q calibration circuit.

These include the post layout simulation results of the taped out 10GHz -46GHz Quadra-
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ture Generator, improved 10GHz -52GHz Quadrature Generator and the schematic level

simulation results of the CoMET based I / Q calibration circuitry.

Chapter 6. Conclusion : The performance of the proposed Quadrature Generator is

compared with the state-of-the-art Quadrature Generators and the bene�ts and the draw-

backs of the proposed technique is described .The thesis is then summarised and concluded,

describing the future work.
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CHAPTER 2

QUADRATURE LO GENERATION

TECHNIQUES

2.1 Introduction to Quadrature LO Generation

In today's RF and millimeter-wave circuits, quadrature I / Q signals are indispensable. In

the quest to achieve higher data rates in communication systems, higher order Quadrature

Amplitude Modulation (QAM) schemes are being used. The idea is to use orthogonal

signals and manipulate them mathematically using amplitude modulation to send more

data in the available bandwidth [Raz11]. Image Rejection architectures like Hartley and

Weaver architectures also require quadrature signals for higher image rejection without

the use of image-reject �lters. Also, the current phased array architectures heavily use I / Q

vector modulators / phase rotators as they require minimal calibration and offers orthogonal

cartesian control. Direct conversion four phase passive mixers also require quadrature

non-overlapping LO clocks to suppress IQ image current [Mir10 ] and enhance the receiver

performance.
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The quadrature LO generation for wider bandwidth systems poses a set of requirements

which should be satis�ed for their use in any of the above mentioned applications. Major

metrics used to compare current Quadrature Generators include Image Rejection Ratio,

Fractional Bandwidth, power consumption and higher signal swings to drive the mixers.

The next section brie�y discusses major metrics like Image Rejection Ratio and Fractional

Bandwidth. In the subsequent sections, different methods to generate quadrature signals

(active and passive quadrature generation) will be discussed and compared.

2.1.1 Image Rejection Ratio (IRR)

I/ Q amplitude and phase accuracy in the signal path and LO oscillator is quanti�ed by the

IRR and, the EVM performance of any communication system is heavily impacted by the

presence of I / Q mismatch in the LO or signal path. The magnitude of IRR is expressed as

jIMRRj =

�
�
�
�
�

10
� A
10 + 2 � 10

� A
20 cos� � + 1

10
� A
10 � 2 � 10

� A
20 cos� � + 1

�
�
�
�
�

(2.1)

where � A is the I / Q amplitude mismatch in dB and � � is the quadrature phase error in

degrees[Wu17]. As shown in Fig. 2.1, to achieve of IRR > 30dB, the phase error needs to be

less than 2.6 degrees and the amplitude mismatch needs to be lesser than 0.36dB. An IRR

of greater than 30 dB roughly correspond to an EVM less than 3.5% which has now become

a standard for reliable communication systems.

To achieve this high level of IRR, calibration techniques need to be employed which can

be either digital calibration techniques at baseband which require high resolution power

hungry ADCs to achieve higher image Rejection or designing highly precise I / Q techniques

using feedback based calibration which will be discussed later.
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Figure 2.1 IRR contour plot

2.1.2 Fractional Bandwidth (FBW)

The bandwidth over which the Quadrature Generator can generate I / Q signals achieving

high IRR is often quoted in literature using Fractional Bandwidth. The Fractional Bandwidth

of a system is de�ned as the

FBW=
fh � f l

fc
(2.2)

where fh represents the upper frequency of the band, f l represents the lower frequency of

the band and fc represents the center frequency. The fractional bandwidth varies between

0 and 2, and is often quoted as a percentage (between 0% and 200%). The higher the

percentage, the wider the bandwidth of the system.

2.2 Quadrature Generation Techniques

Quadrature signal generation can be broadly done using two ways :
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1. Active quadrature generation : Using Quadrature VCOs or using a divide-by-two

circuit (Active Dividers) along with an oscillator running at twice the desired local

oscillator (LO) frequency.

2. Passive quadrature generation : Using Polyphase/ All-Pass Filters or using Lange / Hy-

brid couplers.

Active quadrature generation is brie�y discussed in the next section and the passive �lter

based techniques are discussed in detail because of the major requirement of low power

consumption to cover the entire bandwidth.

2.2.1 Active Quadrature Generation Techniques

For mm-Wave frequencies, the most common active technique to directly generate quadra-

ture is using a Quadrature VCO (QVCO's). The Quadrature VCO's are suitable for generating

precise quadrature however, to cover a large fractional bandwidth they require tuning and

locking over the wide LO range [Dec11] which increases the phase noise (leading to phase

inaccuracy) and higher power consumption.

Another alternative method to generate quadrature that is widely used is the divider-

based approach which require VCOs running at twice the operating frequency in combina-

tion with a divide-by-2 circuit. This circuit will naturally yield quadrature and can cover a

very wide bandwidth [Al-18]. Fig. 2.2 below shows an Active Divider [Har19] implemented

in 45RF SOI CMOS which can generate quadrature from 5GHz- 31GHz.

The major advantage of this circuit is that it can generate very precise quadrature cover-

ing a wide fractional bandwidth. However, this divider solution mandates the requirement

of having an input running at 2X the frequency of the quadrature clock generated thereby

requiring frequency multipliers to drive the circuit which can cover (10GHz -62GHz) [Har19].

Also, the power consumption reported in [Har19] for this solution is 33 mW at 10 GHz input

and 110 mW at 62 GHz input. The high power consumption in Active Dividers is a major
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(a) LO generation network using frequency
dividers

(b) CML Latch

Figure 2.2 Active Divider based quadrature generation

driving factor in going for passive quadrature generation.

2.2.2 Passive Quadrature Generation Techniques

Among passive quadrature generation techniques, Poly-Phase Filters (PPF) are widely

used to generate quadrature. PPFs (e.g., conventional RC–CR networks) are narrowband,

lossy, and sensitive to process variations. The bandwidth can be improved by cascading

multiple stages on the expense of insertion loss and using low power calibration techniques.

Quadrature All-Pass Filters (QAF) are an alternate solution to the Poly-Phase Filters having

a higher bandwidth than a conventional PPF �lter and a 3dB voltage gain at the center

frequency. Quadrature can also be generated using Lange couplers. However, at lower

frequencies like at 10G-30G, they occupy too much of a die area and provide no method of

tuning as they are �xed �= 4 length structures. Hybrid couplers, lumped counterparts of the

Lange couplers are an attractive solution to generate quadrature because of the relatively

small form factor, quadrature accuracy heavily depend on coupling coef�cient k and a

small variation of k across the bandwidth can vary IRR drastically [Pir18].

Since one of the major requirements of the quadrature generation presented in this

thesis is to reduce the power consumption while achieving higher bandwidth, the next sec-
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tions will discuss in detail two passive quadrature generation schemes - Poly-Phase Filters

and Quadrature All-Pass Filters as they can be made tunable to achieve wider bandwidth.

2.2.2.1 Poly-Phase Filters (PPFs)

(a) Type-1 PPF (b) Type-2 PPF

Figure 2.3 Single stage Poly-Phase Filter

A Poly-Phase Filter consists of a passive RC structure and it is used to generate differential

quadrature signals. Fig. 2.3 depicts the basic schematic of a PPF without loading. Depending

on the input feed, PPF can be implemented as Type -1 or Type-2 structure and they have an

in�uence on the operation of the Poly-Phase Filter. For Type-1 PPF, the differential output I

and Q voltage can be mathematically represented as [Kau08]

� VI (s) =
1

1+ sRC
� VI n (s) (2.3)

� VQ (s) =
sRC

1+ sRC
� VI n (s) (2.4)

Similarly for Type-2 �lter , the transfer functions for the differential output I and Q voltage
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can be mathematically written as [Kau08]

� VI (s) =
1 � sRC

1+ sRC
� VI n (s) (2.5)

� VQ (s) =
1+ sRC

1+ sRC
� VI n (s) (2.6)

The ratio of transfer functions of the differential I and Q voltage of the �lter is given by

equation 2.7 and 2.8 for Type-1 and Type-2 respectively. As the equations depict, Type-1

con�guration has a constant phase and Type-2 con�guration has a constant amplitude

across all frequencies.

HT y pe� 1(s) =
� VI (s)

� VQ (s)
=

1

sRC
(2.7)

HT y pe� 2(s) =
� VI (s)

� VQ (s)
=

1 � sRC

1+ sRC
(2.8)

Both Type-1 and Type-2 �lters have the same IRR as it is a function of both amplitude and

phase imbalance. Type-1 has a constant IQ phase difference of 90 � , will require amplitude

limiting ampli�ers to improve the IRR. Also, according to the equation 2.3 and 2.4, signal

loss of Type-1 con�guration at ! 0 = 1=RC is 3dB, which is 3 dB more than the Type-2 �lter

at the same center frequency ! 0 = 1=RC [Kau08] . Therefore, at mm-Wave frequencies

where LO power reduction is a priority, Type-2 �lter is more preferred because of equal I / Q

amplitude and lower loss than its Type-1 counterpart.

Single stage Type-2 PPFs have been widely used to generate narrowband quadrature

signals. To extend the bandwidth of operation, multiple stages of the �lter can be cascaded,

generally two or three stages. However, bandwidth extension comes at the cost of insertion

loss which becomes signi�cant with the number of stages and hence require power hungry

buffers for required LO swings to drive the mixers.

To extend the fractional bandwidth, Quadrature All-Pass Filters are an alternate option.

They can generate quadrature with the same bandwidth performance as a 2-stage Poly-

Phase Filter but with 6 dB more voltage gain at the same center frequency ! 0. In the next
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subsection, the basic operation of the Quadrature All-Pass Filter (QAFs) using mathematical

equations is discussed. The performance of QAF and PPF is then compared in terms of

bandwidth, voltage gain and input matching.

2.2.2.2 Quadrature All-Pass Filters (QAFs)

A Quadrature All-Pass Filter is a passive LC resonant low Q structure that generates differen-

tial quadrature with voltage gain and relatively higher bandwidth. The analysis of the QAF

shown next is mostly taken from [Koh07]. Fig 2.4a shows that the quadrature generation is

based on the quadrature spitting between the I and Q output ( VO I and VOQ) in the series

R-L-C resonators. The transfer function of the single ended network in s domain can be

expressed as[Koh07]
2

4
VO I

VOQ

3

5 = Vi n �

2

6
4

s(s+ ! o
Q )

s2+ ! 0
Q s+! 2

0
! 0
Q (s+Q! 0)

s2+ ! 0
Q s+! 2

0

3

7
5 (2.9)

Alternative the transfer function can also be written as

2

4
VO I

VOQ

3

5 = Vi n �

2

6
4

(R+ j ! L)
R+ 1

j ! C + j ! L

(R+ 1
j ! C)

R+ 1
j ! C + j ! L

3

7
5 (2.10)

where ! 0 = 1=
p

LC and Q = ! 0L=R = 1=(! 0RC) =
p

L=C=R. As we can see from the

equation 2.9, this structure can guarantee 90� phase shift between I and Q-paths for all

frequencies due to a zero at DC from the I-path transfer function, and it can achieve 3

dB voltage gain at resonance frequency when Q = 1 . The relatively low Q also makes

this structure wideband but the I / Q voltage magnitudes at the output are exact only at

one frequency ! = ! 0 as the quadrature relationships rely on the low-pass and high-

pass characteristics. However, this single ended structure is rarely used as the quadrature

accuracy is very sensitive to parasitic loading.

To further increase the bandwidth and reduce the parasitic loading effect, Fig. 2.4a can
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be transformed into its balanced differential I / Q counterpart as shown in Fig. 2.4b. The

(a) (b)

(c) (d)

Figure 2.4 Generation of second Order All Pass Quadrature network. (a) Single ended I / Q net-
work. (b) Differential formation of (a). (c) Elimination of redundancy by series resonance. (d)
Final form of differential QAF

design can further be simpli�ed by eliminating the redundant L-C components through

resonance without any change in the quadrature operation as in Fig. 2.4c. Finally, we get

the �nal form of differential QAF and it is given by the transfer function

2

4
VO I �

VOQ�

3

5 = Vi n �

2

6
6
4

�
s2+

2! 0
Q s� ! 2

0

s2+
2! 0
Q s+! 2

0

�
s2�

2! 0
Q s� ! 2

0

s2+
2! 0
Q s+! 2

0

3

7
7
5 (2.11)
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where Vi n = Vi n + = � Vi n � . According to equation 2.11, VO I + shows high-pass characteristic

in the view of Vi n + and shows low-pass characteristics from the point of Vi n � . Therefore,

the linear combination of the high pass and low pass characteristics leads to the all-pass

operation. Interestingly the Q in equation 2.11 is effectively halved compared to in equation

2.9, hence increasing the bandwidth of operation. Also, for all ! , the differential I / Q network

shows jVO I � j =
�
�VOQ�

�
� and orthogonal I / Q phase difference at ! = ! 0 when Q=1.

One key thing to observe is that when Q = 1, there is a double pole at ! = ! 0 . If Q

is slightly lowered from 1, the equation yields two separate negative real poles ! p � (left

half plane poles) and zeroes of the I and Q path , ! Z I � and ! ZQ� respectively, depicted in

equation 2.12. 0

B
B
B
@

! p � =
�
� 1

Q � 1
Q

p
1 � Q2

�
! 0

! Z I � =
�
� 1

Q � 1
Q

p
1+ Q2

�
! 0

! ZQ� =
�
+ 1

Q � 1
Q

p
1+ Q2

�
! 0

1

C
C
C
A

(2.12)

The zeroes' locations are symmetric between the transfer functions and thus for all ! , it

ensures equal I / Q amplitude. To ensure quadrature phase between the I and Q paths at

frequency say ! IQ , , the phase difference contribution by the right half plane zeros in the

transfer function at ! = ! IQ should be 45� . Similarly, 45� phase difference should also be

contributed by left half plane zeroes at ! = ! IQ . Hence, equation 2.13 must hold true and

solving this for ! IQ , we get equation 2.14

tan � 1

‚
! IQ

� ! 0
Q + ! 0

Q

p
1+ Q2

Œ

| {z }
output phase contribution due to ! Z I +

� tan � 1

‚
! IQ

! 0
Q + ! 0

Q

p
1+ Q2

Œ

| {z }
output phase contribution due to ! ZQ+

= 45� . (2.13)

! IQ =
•

1

Q
�

1

Q

p
1 � Q2

‹
! 0 = � ! p � . (2.14)

In equation 2.14, if Q is kept below 1 , we get two frequencies at which we can get

I/ Q phase difference equal to 90� for the QAF, which can be done by slightly increasing

the value of R from its original value. The main advantage of decreasing the Q slightly is
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that a much wider bandwidth operation is obtained for an acceptable phase error. The

phase error between I and Q path from 90� at the frequency ! = ! 0 + � ! is de�ned as

� e r r o r = 90� �
�
�ÜVO I � � ÜVOQ�

�
� and is expressed in degrees as

� e r r o r = 90� � 2 � tan � 1

 
1
Q (1+ � !

! 0
)

1+ � !
! 0

+ 1
2

�
� !
! 0

�2

!

. (2.15)

where � ! is the offset frequency from center frequency ! 0 .

Fig. 2.5 shows the graphical representation of the same where an increment in R by

5% i.e reducing the Q to 0.95 one can see the relative increment in bandwidth annotated

with red. Theoretically when Q =1, the QAF can achieve less than 3� of phase error from

-22.75% to 38.4% variation of � ! . But when Q is lowered to 0.95 by increasing R, The QAF

can exhibit less than 3� of IQ phase error from -0.365 to 0.587 of � !=! 0. The penalty paid

Figure 2.5 I/ Q phase error characteristics with increase in R. f0 = 15G, L= 115pH , C= 980f. R=
10.833 ohms (Q= 1) and R= 11.374 ohms (Q = 0.952)

for lowering the Q for extending the bandwidth slightly is the reduction in voltage gain
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which is dependent on Q as
p

1+ Q2 at the center frequency ! 0. So for Q= 0.95 the voltage

gain reduces to 2.8dB from 3dB which is not a signi�cant change . Hence, one can see that

an improvement in bandwidth can be achieved by slightly sacri�cing the I / Q voltage gain.

2.2.2.3 Performance Comparison: Poly-Phase vs All-Pass Filter

Fig. 2.6 shows the performance comparison between PPFs (1st order and cascaded forms) vs

QAF. Some �gures and text are reproduced from the reference [Kim12]. For a fair comparison,

all of the �lters are unloaded and are driven in differential mode so that they have equal

I/ Q amplitude across all frequencies. For both PPF and QAF, the center frequency f0 was

chosen to be 30G i.e (! 0 = 1=RC = 1=
p

LC = 2� � 30GHz) where C = 245f. From Fig. 2.6e, it

can been seen that the three-stage Poly-Phase �lter shows the widest bandwidth in terms of

I/ Q phase error at the expense of high loss (6 dB). The I / Q phase-error characteristic of the

second order PPF and QAF are similar, but the QAF has 3dB voltage and the second-order

PPF has a loss of 3dB at the center frequency. The one stage PPF has no voltage gain but is

comparatively narrowband. Also as discussed, while slightly lowering the Q the bandwidth

of QAF can further be increased.

QAF also offer real input and output differential impedance over wider bandwidth, hence

can easily be matched to the input source [Koh07]. Fig. 2.7 shows the input impedance of

the PPFs and QAF discussed on a smith chart normalised to 21.67 
 . From 16G to 55G , the

QAF has an S11 of< -10dB, whereas the PPFs are capacitive.

The Poly-Phase Filters and the All-Pass Filters behave differently when loaded with a

parasitic / load capacitance CL . The Poly-Phase Filters when loaded, do not have any effect

on the IRR. The load capacitance just increases the loss and it depends on the CL / C where

C is the capacitance in RC Poly-Phase Filter. A 10% relative load capacitance can lead to

approximately 0.45 dB of additional signal loss [Kau08]. On the other hand, QAF when

loaded with load capacitance CL can cause I/ Q errors and the effect can be predominant at

mm-Wave frequencies as the �lter capacitance can be comparable to the load capacitance.
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(a) (b)

(c) (d)

(e) (f )

Figure 2.6 Performance comparison of PPF and QAF in terms of bandwidth and voltage gain.
(a) One-stage PPF. (b) Two-stage PPF. (c) Three-stage PPF. (d) QAF. (e) Quadrature phase error
characteristics vs normalised frequency ( ! 0 ) (f ) I / Q voltage gain vs normalised frequency. R =
21.67
 , C = 245f F , L = 115pH and f0 = 30G.

The I/ Q errors are dependent on the ratio of CL / C where CL is the load capacitance for QAF

and C is again the capacitor used in QAF. Higher the ratio, more the degradation in the IRR.

This is one of disadvantage of QAF over PPF. This issue can be mitigated by using a series

resistance Rs[Kim12] on the expense on signal loss. This technique will be discussed in
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Figure 2.7 Input differential impedance for �lters discussed in Fig. 2.6

the next chapter. Fig. 2.8 below shows the effect of a load capacitance on the performance

of QAF and PPF in terms of I / Q amplitude mismatch. It can be seen that at the center

frequency, the QAF experience a 1.4 dB I / Q amplitude mismatch which can bring the IRR

below 20dB.

Figure 2.8 I/ Q amplitude mismatch vs normalised angular frequency compared for a capacitively
loaded QAF and PPF.R = 21.67
 , C = 245f F , L = 115pH and f0 = 30G and CL = 40f F
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2.3 Conclusion

Quadrature generation for LO path and signal path is dictated by a set of requirements,

and for digital beamforming applications, it becomes extremely essential to have a wider

bandwidth LO with low power consumption and atleast 30 dB Image Rejection Ratio for

lower EVM especially in mm-Wave receivers, employing higher modulation schemes. Active

quadrature can provide higher quadrature accuracy and wider bandwidth at the cost of

very high power consumption. Passive quadrature techniques on the other hand can be

designed with low power but have narrower bandwidth to maintain higher Quadrature

accuracy. In the passive quadrature generation techniques, All-Pass Filters are better in

terms of bandwidth, voltage gain and input matching. However, the I / Q mismatch due

to parasitic loading can greatly deteriorate IRR. State-of-the-art QAF with high fractional

bandwidth (80%) is proposed to be used in a Quadrature Phase Shifter but has relatively

low IRR[Sah13]. A 44% fractional bandwidth (28GHz-44GHz), > 40dB IRR Quadrature LO

solution employing tunable Poly-Phase Filter also exists in literature but it cannot still

cover the required 10GHz-50GHz bandwidth with same IRR due to limited tunability [Pir18].

Hence, a widely tunable LO clock generator with higher output swing is required which

can deliver higher Image Rejection for mm-Wave receivers. A modi�ed Quadrature All-

Pass Filter solution is proposed in the next chapter which utilises coarse and �ne passive

component tuning while delivering high quadrature performance at mm-Wave frequencies.
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CHAPTER 3

PROPOSED WIDEBAND ALL PASS

QUADRATURE GENERATOR

This chapter starts with a brief discussion of the parasitic loading effects on the All-Pass

Filter and the solution to reduce quadrature amplitude mismatch and phase error. Then, a

new wideband tunable All-Pass Filter is proposed and the analysis is carried out in detail.

The tunability is provided through a logic circuit which provides coarse tuning to cover

wider bandwidth and �ne analog tuning to improve the IRR and quadrature accuracy.

3.1 Parasitic Capacitance Loading of QAF

In the previous chapter, it was brie�y mentioned that loading a QAF with parasitic capaci-

tance CL can cause I/ Q phase errors and amplitude mismatch and hence can effect the IRR.

Fig. 3.1 shows the effect of loading on a single ended network, where the parasitic loading

capacitance CL (input capacitance of next stage) can modify the impedance ZO I and ZOQ

differently such that CL reduces the loaded Q of the high pass network by increasing the
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Figure 3.1 Single ended I / Q network under parasitic capacitance loading. (reproduced from
[Koh07])

resistance and decreasing the inductance of ZO I . On the other hand , CL will increase the

loaded Q of the low pass network by reducing the resistance of ZOQ . This causes the phase

errors ( � error ) and amplitude errors ( Aerror ) for a single ended network, which is given by the

equation

� error = 90� �
•
tan � 1

•
1 � 2

CL

C

‹
+ tan � 1

•
1+ 2

CL

C

‹‹ �
d e g.

�
(3.1)

Aerror = 10� log

 
1+ 2CL

C + 2
�

CL
C

�2

1 � 2CL
C + 2

�
CL
C

�2

!

[d B ] . (3.2)

When driven in differential all pass mode, the phase and amplitude errors are suppressed

signi�cantly given that ratio CL =C << 1.The ratio CL =C = (� ) determines the extent of error

in amplitude and phase and should be minimised. However, at mm-Wave frequencies, �

can be moderately high. Increasing C while keeping CL constant can reduce the error by

reducing � , but the QAF needs to driven with a higher power from previous stage because

the input impedance of the QAF goes down signi�cantly with higher C. Also, using a higher
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C will require low value of inductor for the All-Pass Filter and mandates to custom design

the inductor, where low values of inductance are susceptible to higher percentage errors

due to routing overhead.

3.1.1 Improvement of the QAF under Loading Capacitance

If the QAF design is modi�ed as shown in Fig. 3.2 by adding a series resistance RS in the C

and L branches, it reduces the network Q and hence reduces the sensitivity to CL . The new

transfer function of the differential form of QAF is given as

2

4
VO I �

VOQ�

3

5 = Vi n �

2

6
6
4

�
s2+

2! 0
Q s� ! 2

0

s2+
2! 0
Q

€
1+ Rs

R

Š
s+! 2

0

�
s2�

2! 0
Q s� ! 2

0

s2+
2! 0
Q

€
1+ Rs

R

Š
s+! 2

0

3

7
7
5 (3.3)

Figure 3.2 QAF with addition of RS to reduce the effect of loading

RS separates the negative real poles farther however, does not disturb any zero location

and preserving phase characteristics at ! 0. The errors in phase and amplitude are reduced

by increasing RS and when RS = R, the QAF become insensitive to loading at ! 0. However,

as mentioned earlier in the previous chapter, this correction comes at the expense of

22



loss (maximum loss is 6dB when RS = R ). However, one can choose a value of RS < R

and maintain IRR above 30 ( < 0.36dB amplitude mismatch and < 2.6 degrees quadrature

phase error) which is acceptable for most mm-Wave applications with loss ( < 3dB) at ! 0.

Interestingly, the input impedance of the QAF is increased by adding the series resistance

thereby increasing the load impedance of the previous stage (lowering its power).

(a) (b)

(c) (d)

Figure 3.3 (a) I/ Q Phase error with increasing CL =C and RS = 0. (b) I / Q Phase error with increas-
ing RS=R and CL =C = 0.25. (c) I/ Q Amplitude mismatch with increasing CL =C and RS = 0. (d) I / Q
Amplitude mismatch with increasing RS=R and CL =C = 0.25.

Fig. 3.3 shows the performance comparison of QAF with loading capacitance and the

corresponding effect of RS. The simulation is performed on an ideal QAF at f0= 40GHz with
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(e) (f )

Figure 3.3 (e) I and Q Gain with increasing CL =C and RS = 0. (f ) I and Q Gain increasing RS=R and
CL =C = 0.25.

the component values as L = 115pH , C = 138f and R= 28.9 
 . With the increase of CL , the

phase response shifts to the left (Fig. 3.3a). Addition of RS widens the frequency response

by lowering the Q as seen from (Fig. 3.3b) and ensures perfect quadrature at ! o if RS = R.

The response can also be re-centred without RS by choosing a different C for a speci�c CL .

The more prominent effect of loading is however, on the amplitude . A load capacitance

CL = 0.25C can create around 2dB amplitude mismatch at the center frequency which

can be reduced to less than 0.7dB with RS = 0.67R (see Fig. 3.3c & Fig. 3.3d). Reducing the

load capacitance along with optimum value of RS should be used to reduce amplitude and

phase errors.

3.2 Proposed All-Pass Wideband Quadrature Generator

In the previous chapter, it was observed that lowering the Q slightly in an All-Pass Filter

results in two frequencies at which the signals are in quadrature relationship. This technique

helps in maintaining wider bandwidth without much signal loss. The target of this thesis

is to propose a wideband quadrature solution that can cover 10GHz - 50GHz with high

precision. All-Pass Filter seems to be an ideal candidate in passive LO generation given its
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bandwidth, matching and voltage gain capabilities. However, theoretically it is dif�cult to

achieve high IRR from (10GHz-50GHz) if the design has no tunability.

Fig. 3.4 below shows a similar plot as Fig. 2.5 with three different values of Q to achieve

a wider bandwidth of operation. The All Pass �lter center frequency f0 is set to 24GHz with

L = 115pH and C = 383f . Choosing the optimum inductor and capacitor values for the

QAF is a design choice and will be apparent later in the chapter.

Figure 3.4 I/ Q phase error characteristics of the All-Pass Filter centered at 24GHz with different
values of Q

It can be seen that with Q =0.96 and to keep the IRR high by keeping the phase error

limited to 2.5 degrees, the all pass �lter can work from (16GHz- 36GHz) which is remark-

ably high. To get the QAF to cover 10GHz -50GHz, Q has to be lowered further to 0.83 by

changing the resistor value in the QAF by approximately 20%. However, in quest to increase

bandwidth, the inherent phase error exceeds upto 10 degrees at the center frequencies and

will signi�cantly reduce the IRR for most range of frequencies as shown by the plot in blue.

Also, reducing Q will reduce the voltage gain, which will worsen with the parasitic loading

of the QAF. Given that the practical design will have additional phase and amplitude errors
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due to layout parasitics and electromagnetic effects especially at mm-Wave frequencies,

it is desirable to incorporate component tunability in the QAF to achieve the targeted

bandwidth without compromising the quadrature accuracy.

Figure 3.5 A new (10GHz-50GHz) tunable All-Pass Filter

Fig. 3.5 shows the top level view of the proposed tunable Quadrature All-Pass Filter. The

capacitors and resistors of the QAF are made tunable and the tuning is provided through

a Digital Logic. The Digital Logic provides band selectivity (to cover wider bandwidth) as

well as �ne phase and amplitude tuning as will be discussed later. Also, since the QAF is

expected to be loaded by the parasitic capacitance of buffer ampli�ers, additional tuning is

provided through tunable series resistance to reduce I / Q amplitude mismatch.

3.2.1 Quadrature All-Pass Filter Design: Tunablility considerations

In the previous section, it was seen that changing the QAF Resistance value by 20% to

decrease the Q, do provided the bandwidth extension but this in unacceptable in terms of

IRR. Hence, the center frequency ( ! 0) of the QAF is required to be switched by appropriate

tuning to meet the required bandwidth of the Quadrature LO with high IRR. Tunability can
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be provided either by changing the inductor or capacitor of the QAF simultaneously with the

resistance to maintain Q close to 1. Tuning inductors can be challenging. Instead capacitor

tuning can be provided the same way as done in a VCO by using varactors or discrete band

(a)

(b)

Figure 3.6 I/ Q a) Phase and b)Voltage gain characteristics with for 3 bands obtained by tuning the
QAF capacitance. L=115pH and Q=0.96

tuning. Discrete tuning is preferred in our design as explained in later subsection. Thus,

27



the design requirements mandates to choose optimum number of discrete bands to cover

the bandwidth without much overhead in terms of area, image rejection and parasitics.

Fig. 3.6a shows the I/ Q phase and gain characteristic for 3 center frequencies ( f0 =15GHz

(Low-Band), f0 =27GHz (Mid-Band) and f0=43GHz (High-Band)) by discretely changing

the capacitor values for L = 115pH for an ideal QAF without loading. It is observed that,

theoretically by choosing 3 bands, we can achieve less than 2.5 degrees phase error across

10GHz - 65GHz. With 2 bands, the operation can be extended to 40GHz but it is dif�cult

to generate LO upto 50GHz with I / Q low phase error. The voltage gain across the entire

bandwidth is more than 2.55 dB with no I / Q mismatch, if no loading is considered (see

Fig. 3.6b). Hence, three bands are optimum to achieve the targeted bandwidth. This tuning,

thus provides the capability to hop to appropriate band provided the frequency of operation.

The phase and the gain characteristics of QAF do not change for a different chosen value of

QAF inductance provided that Q and center frequency remains same (equation 2.12).

3.2.2 Optimum L-C-R values for the proposed QAF

Choosing the values of inductance and capacitance of the QAF is mainly dictated by the

required input impedance and the parasitic loading. A loading capacitance of 40f for CL =C

calculation is assumed which includes the next stage gate capacitance and layout parasitic.

Table 3.1 and 3.2 provides the L-C-R values for two different values of inductance and the

three frequency bands according to the formula ! 0 = 1=
p

LC and Q =
p

L=C=R. It can

Table 3.1 Calculated theoretical L-C-R values of the QAF for L =115pH and Q = 0.96

Center Frequency L C R 2R Q CL =C

15GHz (Low-Band) 115p 980f 11.26 22.53 0.96 0.04
27GHz (Mid-Band) 115p 302f 20.27 40.55 0.96 0.13
43GHz (High-Band) 115p 119f 32.29 64.59 0.96 0.335
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Table 3.2 Calculated theoretical L-C-R values of the QAF for L =230pH and Q = 0.96

Center Frequency L C R 2R Q CL =C

15GHz (Low-Band) 230p 490f 22.53 45.06 0.96 0.081
27GHz (Mid-Band) 230p 151f 40.55 81.1 0.96 0.265
43GHz (High-Band) 230p 59f 64.59 129.18 0.96 0.67

be seen that choosing a higher inductance value causes CL =C ratio to increase higher and

hence decreases the I/ Q accuracy. Also, the input impedance at higher frequencies ( f0 =

43GHz) goes to 129 ohms and hence becomes dif�cult to match to 50 ohms. On the other

hand, choosing a smaller inductor size will reduce the impact of parasitic loading. The

matching will be poor at lower frequencies but can be handled by providing more power

through the RF port. According to 45RFSOI PDK document, smaller inductors below 100pH

are not very well modelled. Hence, the optimum L chosen for the QAF is 115pH. Shown

below is the simulation of the inductor chosen. Between (10GHz-50GHz) the simulated kit

inductance value is between (115p-119p) which is close to the desired value of L in QAF.

Figure 3.7 Simulation Results of 115pH 45RFSOI kit inductor
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As discussed, parasitic loading capacitance can reduce the quadrature accuracy es-

pecially when CL =C becomes large. Shown below (Fig. 3.8) is the simulation at center

frequency f0 = 43GHz when the QAF is loaded with a parasitic capacitance of 40f. The in-

(a)

(b)

Figure 3.8 (a) I/ Q Phase characteristics (b) I Voltage gain at f0 =43GHz with parasitic load capaci-
tance CL = 40f & L = 119pH

ductance at 43GHz is around 119 pH. It can be observed that the parasitic loading severely

restricts the bandwidth to 44GHz and also introduces signi�cant amplitude mismatch
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(c)

Figure 3.8 (c) I / Q amplitude mismatch at f0 = 43G with parasitic load capacitance CL = 40f &
L = 119pH

(Fig. 3.8a & Fig. 3.8c ). Introduction of a series resistance RS =33.42 
 can increase the

bandwidth and reduce the amplitude mismatch on the expense of voltage loss. However,

the center frequency still remains shifted at around 35GHz with signi�cant phase error ( 4�

approximately). Changing the QAF capacitance to 85f along with the use of series resistance

can increase the bandwidth, reduce I / Q mismatch and the center frequency is pushed

closer to 40G with a penalty of slightly higher voltage loss (around -3.9 dB, Fig. 3.8b) . Similar

experiments were performed for the QAF at the Mid-Band and the Low-Band ( f0 = 27GHz &

f0 = 15GHz respectively) to determine the optimal L-C-R values of the QAF and the values

are summarised in the table 3.3.

Table 3.3 Optimum L-C-R values for the proposed tunable QAF

Center Frequency L C R 2R Q CL =C

15GHz (Low-Band) 115p 900f 11.26 22.53 0.96 0.04
27GHz (Mid-Band) 116p 275f 20.27 40.55 0.96 0.13
40GHz (High-Band) 119p 85f 37.3 75 0.99 0.47
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3.2.3 Digitally tunable QAF resistance for the proposed QAF

Figure 3.9 Digitally tunable QAF resistance

For the QAF to work across all three bands, three discrete resistances are required that

can be switched according to the selected band. Fig. 3.9 shows the tunable resistance

implemented with the help of MOS transistors and resistors. The gate of the NMOS is

controlled using a digital logic that selects the appropriate resistance (by selecting correct

bit sequence) for the chosen center frequency of operation. Since the ON resistance of

the MOS switch can be changed by varying the gate voltage, the approach is leveraged

to change the Q in the design accordingly and achieve the required Quadrature accuracy.

This �ne control is also provided through the Digital Logic that is discussed later in the

chapter. The table below shows the simulated resistances (applied gate voltage = 900mV)

obtained by selecting the appropriate bit combination that follows corresponding center

frequency / band-select (see Table 3.3) and the resistance values are closed to the desired

resistances. Fig. 3.10 shows the simulation results of the parastic extracted digitally tunable

resistance for three discrete bands. Apart from discrete tuning, by varying the gate voltage

a �ne control over the resistance is achieved to control the quality factor as seen from the

Fig. 3.10. The simulation results are obtained for a small signal input voltage applied at
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Table 3.4 Parasitic extracted simulated QAF resistance . Here logic 1 correspond to a gate voltage
of 900mV.

Center Frequency Bit Setting ( B2B1B0) Resistance(VG = 900mV )

15GHz (Low-Band) 0 0 1 22.5
27GHz (Mid-Band) 0 1 0 40.2
40GHz (High-Band) 1 0 0 74.3

Figure 3.10 Simulation results of QAF resistance for three bands.

the source/ drain. Higher swings can reduce the VG S and, the ON resistances of the switch

thus become dependent on the applied signal swing [Raz02]. This issue can be mitigated

by using complementary switches however they result in routing overhead and parasitic

which can reduce the bandwidth at mm-Wave frequencies. Instead, care is taken that the

input signal level is small as compared to the applied gate voltage .

3.2.4 Digitally tunable Band-Select Capacitor Bank

Band hopping is provided by using digitally selecting capacitors (to change the center

frequency), the same way it is done in a VCO. Capacitor tuning can be provided using
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Figure 3.11 Digitally tunable band-select capacitor Bank

varactors, however, the design requires a capacitor tuning range of around 12:1 (900f to

85f) whereas the maximum tuning range provided by the available varactors in the pdk

is around 3:1. Fig. 3.11 shows the implementation of band select QAF capacitance. The

implementation is same way similar to band select design in a VCO [Flori ]. Capacitance

is selected using digital bits that are provided using the same Digital Logic required to

tune the resistance. Resistances are added to the source / drain through an opposite logic

to the gate (CBB0 for example) to reverse bias PN junction and hence reduce the off-state

capacitance. Resistances are also added to the gate of the transistors to make it �oating.

The operation for the three bands is summarised in the table 3.5. Since the capacitance

Table 3.5 Parasitic extracted simulated QAF capacitance. Here logic 1 correspond to a gate voltage
of 900mV.

Center Frequency Bit Setting (CB2 CB1 CB0) Capacitance(VG = 900mV )

15GHz (Low-Band) 1 1 1 890f
27GHz (Mid-Band) 1 1 0 263f
40GHz (High-Band) 1 0 0 81f
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add in parallel, the parallel addition should be leveraged and hence smaller capacitance

should be chosen for the Mid and Low-Band. However, the MOS switch in series with the

capacitance tend to reduce the capacitance across the frequencies (see Fig. 3.12) due to the

ON resistance and parasitic capacitance associated with the band switch. The Low- Band

( f0 = 15GHz) experiences the worst variation, i.e more than 10 percent capacitance across

10GHz to 20GHz, however this just results in a center frequency shift by less than 1GHz

and hence, this variation can be accommodated. The capacitance in the mid band has less

than 5 percent of variation around the center frequency and the capacitance in the higher

band (which cover the maximum bandwidth) is almost constant. Parasitic capacitance

from layout will increase the capacitance approximately by 10f-15f and hence the simulated

values are close to the optimum capacitance chosen (see table 3.3). The MOS switch sizes

Figure 3.12 Simulation result of parasitic extracted digitally tunable QAF capacitance

in the structure are chosen such that the equivalent model is equal to a capacitor and the

resistance in series. Therefore, the amplitude mismatch correction resistance ( RS) in the

I-path can be simply controlled by changing the gate voltage to provide RS in the range of
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(0.7R to R, where R is half the chosen QAF resistance). Thus, the structure does not require

an exclusive series resistance in the I-path to reduce the amplitude mismatch and it will

be evident in Chapter 5 while simulation results are discussed. However, the Q-path will

require an exclusive tunable Resistance ( RS) as discussed in the next section.

3.2.5 Digitally tunable Series Resistance (reduce I / Q mismatch)

(a) (b)

Figure 3.13 (a) Initially implemented tunable series resistance (b) Improved version of tunable
series resistance in the Q path

As discussed earlier, parasitic loading will severely reduce the IRR by increasing I / Q

amplitude mismatch and quadrature phase error. Hence, a series resistance in the I and Q

path will be required to improve the IRR. The series resistance in the I-path is inherently

taken care by the capacitor bank as it can be modelled as a series capacitance and resistance.

For the Q-path, the digitally tunable series resistance are designed as shown in Fig. 3.13.

The series resistance (Fig. 3.13a and Fig. 3.13b ) are implemented in the same way as the

QAF resistance, leveraging the ON resistance of MOS switch. Table 3.6 below shows the

simulated values of for the initial and improved version of the series resistance (Fig. 3.13a

& Fig. 3.13b respectively) for the selected center frequency.
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Table 3.6 Parasitic extracted simulated Q path series resistance . Here logic 1 correspond to a gate
voltage of 900mV.

Center Frequency Bit Setting (S2 S1 S0) RS (Fig. 3.13a) RS (Fig. 3.13b)

15GHz (Low-Band) 1 1 1 13 
 11 

27GHz (Mid-Band) 0 1 1 20 
 19 

40GHz (High-Band) 0 0 1 50.2 
 45 


(a)

(b)

Figure 3.14 Simulation Results of (a) Initially implemented tunable series resistance (b) Improved
version of tunable series resistance Q path
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It was observed that the layout routing can increase the inductance by more than

10pH when EM simulations are performed and the High-Band is severely effected. So,

the series resistance (RS)is 10 ohms higher for the High-Band than the required series

resistance (RS=R=38
 ), to compensate for the EM simulation effects as seen in column

three of the table 3.6. It is however, a �xed resistance and is not tunable with gate voltage

(Fig. 3.13a). Instead, making the High-Band resistance tunable(Fig. 3.13b) with gate volatge

will provide more control over series resistance and hence the I / Q mismatch becomes

more controlled.This is graphically represented in Fig. 3.14, where the series resistance is

measured with varying gate voltage VG . Both the simulation results are almost similar for

the Low-Band and Mid-Band whereas, the High-Band series resistance can be varied by

changing the applied gate voltage (Fig. 3.14b).

3.2.6 Band-Select Digital Logic

To select a particular center frequency, a simple Digital Logic (Fig. 3.15) is implemented

which generate bits that select the appropriate QAF capacitance, QAF resistance and series

resistance based on the inputs A, B and Cin . The truth table for the logic is explained in

the table. The design has been implemented using standard cells in the 45RFSOI kit. The

Table 3.7 Truth table for band-select Digital Logic. Here logic 1 for A,B and Cin equals 900mV.
Logic 1 for the rest bits depend on analog values VDD_C, VDD_R and VDD_S.

Center Frequency ( f0) A B Cin CB0 CB1 CB2 B2 B1 B0 S0 S1 S2

15GHz (Low-Band) 0 0 1 1 1 1 0 0 1 1 1 1

27GHz (Mid-Band) 0 1 1 0 1 1 0 1 0 1 1 0

40GHz (High-Band) 1 0 1 0 0 1 1 0 0 1 0 0

digital logic signi�cantly reduces the number of pads in the design and makes the control

38



Figure 3.15 Band-select Digital Logic with �ne analog VDD control

of the proposed QAF easy.

An interesting feature added in this Digital Logic is the last stage of the buffers high-

lighted in Fig. 3.15. The buffers have separate supply which can be varied from 0.7V to

1.1V to �nely control QAF capacitance, QAF resistance and series resistance (using VDD_C,

VDD_R and VDD_S respectively). Using this variable VDD of the last stage, more control

can be provided for a particular band select in terms of quadrature accuracy by changing

the QAF resistance (varying Q and hence, the I / Q phase) and series resistance RS (reducing

amplitude mismatch). The �ne tune analog VDD can be then controlled either manually

or using a feedback loop that measure the phase error / amplitude mismatch and corrects
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for it. The novel I / Q calibration / correction technique, that can detect the phase error and

amplitude mismatch, will be discussed in the next chapter.

3.3 Conclusion

All-Pass Filters can generate quadrature over excellent bandwidth, provide voltage gain

and input matching. It is also seen, that loading the All-Pass Filter can severely effect the

quadrature accuracy especially at higher frequencies when C L / C ratio is higher. A series

resistance can be added to reduce the mismatch on the cost of maximum 6dB voltage

loss (3dB- 6dB= -3 dB) when Q =1. However, even with these solutions, QAF cannot cover

more than 75% of the fractional bandwidth given that minimum IRR should be atleast

30dB. To generate quadrature over higher bandwidth, a center frequency tunable QAF

(using the Digital Logic) is presented in this chapter that can cover frequencies from 10GHz-

50GHz with more than 30dB IRR and about 4dB voltage loss(due to the addition of series

resistance). The layout parasitics, EM simulation effects and PVT variations can deteriorate

the performance and can reduce the theoretically achievable bandwidth and IRR. Therefore,

an I/ Q correction circuit (discussed in chapter 4) is needed that can measure quadrature

error accurately and then control the QAF using feedback to further improve IRR. The

proposed design without any correction can still achieve > 30dB IRR for almost the entire

bandwidth and the performance will be evident from the simulation results presented in

chapter 5.
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CHAPTER 4

NOVEL I/ Q PHASE AND AMPLITUDE

CORRECTION TECHNIQUES

Measurement of I / Q imbalance directly using high frequency probes at mm-Wave frequen-

cies is a challenging task because the measurement accuracy becomes limited due to the

phase error introduced by the the probes positioning, differential balance of the input signal

and high frequency Short-Open-Load-Termination calibration error [Zha15a]. Also, EM

effects and layout parasitics can reduce the IRR below 30dB and hence increase the EVM.

Therefore, it become extremely important to implement I / Q measurement & correction

techniques to characterize the generated quadrature clocks and enhance the performance

using low power I / Q mismatch correction techniques. In this chapter, existing techniques

for I / Q measurement and correction are discussed . Then, a novel I / Q correction technique

is proposed that can effectively detect both I / Q phase error and amplitude mismatch and

correct for it.
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4.1 Mixer based Quadrature Measurement Technique

One of the most commonly used techniques to measure Quadrature LO is by down-converting

the LO using a mixer so that the I / Q accuracy can be measured at a much lower fre-

quency[Zha15a]. Fig. 4.1 shows the block diagram of the LO measurement technique using

Figure 4.1 LO measurement using double balanced down-conversion mixer.

a double balanced Gilbert Cell mixer and baseband ampli�ers. Generated I / Q signals (using

the tunable Quadrature Generator) are fed to the the transconductance ( gm ) pair of the

mixer and the commutator is hard switched using an external RF signal having a frequency

of 100MHz above the LO signal. Hard switching is necessary to have a decent conversion

gain which is then ampli�ed using baseband ampli�ers. This method of downconverting

the LO is tested on the proposed quadrature generator and Fig. 4.2 shows the simulation

results of I / Q phase difference and I / Q amplitude mismatch at 100MHz. The results are

compared with the actual simulated I / Q phase difference and amplitude mismatch. It
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can be seen that the downconverted I / Q phase and amplitude response are close to the

simulated I / Q phase and amplitude response at RF frequencies (0.5 � of phase difference

error and 0.05dB of amplitude mismatch error). However, this approach of measurement

Figure 4.2 Quadrature Generator's I / Q phase difference and amplitude mismatch before and
after down-conversion.

has many limitations. First, the down-converter design mandates the use of of large devices

in mixers and ampli�ers to reduce any mismatch / offset introduced by the test circuitry. Any

mismatch can lead to an incorrect measurement of downconverted I / Q signals and hence,

will not be able to truly represent the quadrature accuracy of the Quadrature Generator.

Second, this technique requires the use of an external RF signal injected with an external

balun. On chip balun do provide differential signals with excellent differential phase char-

acteristics. However, it is dif�cult to achieve a good S11 (<-10dB) over such wide bandwidth

of operation (10G - 50G). External balun can work over higher bandwidth however, they

are not able to generate true differential signals ( 180� between V+ and V-) and hence can

43



lead to improper I / Q detection. Lastly, this down conversion technique can only be used

for measurement and it does not provide a method to correct for quadrature phase error

and amplitude mismatch. For I / Q correction, the information contained in the phase and

amplitude of the I / Q signals has to be converted to an equivalent voltage / current that can

then be fed back to LO Generation circuitry.

4.2 Phase Detector based I / Q Correction Technique

Phase Detector based I/ Q phase correction technique has been widely adopted in many

state of the art quadrature generation techniques [Pir18; Pir19; Wu13]. Fig. 4.3 shows the

block diagram of an on chip I / Q detection and correction technique. The generated I / Q

signals are fed into a analog multiplier i.e a Gilbert Cell. To hard switch the commutator, I / Q

Figure 4.3 Block diagram of quadrature generation and correction using Phase Detector.

signals have to be ampli�ed to provide the required conversion gain. The principle behind

this technique is based on the self mixing of I and Q component to generate a voltage at
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Figure 4.4 Schematic of a Phase Detector.

DC proportional to the quadrature phase error. Assuming that the I and Q components are

given as

VI = AI cos(! t ) & VQ = AQ sin(! t + � ) (4.1)

where AI and AQ are the amplitudes of the generated I and the Q signals and � is the

quadrature phase error.Then, the output of the phase detector after mixing can be given

can be given by derived as

VP D = AI AQ cos(! t )sin(! t + � )

=
AI AQ

2

�
sin(2! t + � ) + sin(� )

� (4.2)

Applying the trignometric identity : cos (a) sin (b) = 1
2 ( (sin(a+b) + sin(a-b) ) and low pass

�ltering of equation 4.2 gives

VP D =
AI AQ

2
sin(� ) (4.3)

This is how the Phase Detector senses the quadrature accuracy. The error is then ampli�ed

and corrected using a ampli�er and a comparator in negative feedback that can then drive

the �lter resistance in a way, ensuring minimum quadrature error. Fig. 4.5a shows the
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simulation results of the Phase Detector output voltage when the phase detector is fed

with I and Q signals having an overall phase difference of � . It can be seen that when the

phase difference is 90 � or in other words if the quadrature phase error is zero (Fig. 4.5b),

then the phase detector will produce output voltage equal to zero. Regardless of the highly

symmetric architecture of the phase detector, the offset introduced by the phase detector

is critical, because the mixer being the error detector element in the loop, the quadrature

(a) (b)

Figure 4.5 (a)Input / Output characteristics of a Phase Detector (b) Straight line approximation
plot when the quadrature phase error is less than 10 � (small angle approximation of sin( � )).

phase error introduced by the offset due to random mismatch of MOS devices cannot

be corrected by anymore and it results in a static quadrature phase error. Monte-Carlo

simulations are performed on the Phase Detector fed with I and Q signals that are in perfect

quadrature to one another and the histogram of the output voltage is shown in Fig. 4.6. It

was observed that the standard deviation of the offset was around 70 mV, which according

to the �gure Fig. 4.5b, can cause a static quadrature phase error equal to 6 � . To reduce

the offset, W/ L ratio of the switching transistors (commutator) and the transconductors

needs to be signi�cantly high and hence, will need power hungry buffers drive such load.

Offset correction circuits can reduce the offset but they will require additional power and

46



Figure 4.6 Monte Carlo results for the DC offset voltage at zero quadrature phase error.

die area. One of the limitations of this technique is that it can only correct for Quadrature

phase error however, it does not provide any information about I / Q amplitude mismatch.

Since amplitude mismatch can be cruical for an overall IRR perfromance, a novel I / Q

measurement and correction technique is proposed in the next section that can provide

both phase and amplitude information at DC.

4.3 CoMET based I / Q Calibration Technique

CoMET (Code-Modulated Embedded Test), a novel built in technique to characterize

phased arrays was presented in [Gre16; Gre17; Gre18]. This technique allowed the parallel

measurement of the array with very simpli�ed signal injection and extraction capabil-

ities. It eliminates the need for I / Q down-conversion and uses a single power detector

to down-convert the combined array response into baseband. Each element is uniquely

code-modulated by a sequence from the Hadamard-Walsh [Wal23; Edw75] matrix which

encodes each element uniquely. A single power detector allows correlation-based extraction

of performance parameters of the array. CoMET was further demonstrated for free-space

characterization and calibration of an 8-element phased array transceiver packaged with
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antennas [Hon19]. The extracted gain and phase response in comparison to VNA mea-

surements were accurate to within 0.4 dB and 4 � respectively. A calibration loop was then

used to equalize gain and phase response across the array elements which resulted in gain

and phase offsets to be reduced to 1.1 dB and nearly 0 � respectively. Given the simplicity

CoMET technique in terms of implementation and parameter extraction, a novel solution

using the CoMET approach is presented in the next section using a system diagram and

mathematical analysis.

4.3.1 I / Q Signal Encoding using Code Modulated Test

Figure 4.7 Test signal propagation in a phased array used by CoMET [Gre17].

Fig. 4.7 shows the signal propagation at each node in actual CoMET architecture. The
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signal after ampli�cation from the LNA is passed through the phase shifter where it is phase

modulated relative to orthogonal codes. Both in and quadrature-phase components must

be modulated by different orthogonal codes to extract phase information. Each element's

phase modulated signal is combined and then squared by a power detector resulting in a

baseband signal which can be captured by a data-converter to be processed digitally for

extracting performance parameters.

Since the Quadrature Generator inherently provide I / Q signals for which the phase

and amplitude information needs to be extracted, the CoMET based calibration technique

can be thought as a subset (a single element) and slight modi�cation of the actual CoMET

architecture. Phase Shifters and LNA are hence not required in the CoMET based calibration

technique. Since the bandwidth of the I / Q Quadrature Generator is large, the modulated

vector combining and the power detection are done in current domain rather than voltage

domain. Fig. 4.8a shows a modi�ed single element block diagram of the CoMET. The

generated I and Q signals from the Quadrature Generator can be represented as

(a) (b)

Figure 4.8 (a) I/ Q signal propagation in modi�ed single element CoMET block. (b) Required
modulated vectors for phase and amplitude calibration.
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VI = AI cos(! t ) & VQ = AQ sin(! t + � ) (4.4)

where AI and AQ represent the amplitudes of the I and Q signals respectively and � repre-

sents the quadrature phase error. The code modulated I and Q components by applying

two orthogonal codes CI (t ) and CQ (t ) are combined in the current domain. The combined

response is given as

E(t ) = k
�
CI (t )AI cos(! t ) + CQ (t )AQ sin(! t + � )

�
(4.5)

where k is the trans-conductance coef�cient for voltage to current domain conversion. This

kind of modulation is physically realised by using a sign-selector (selecting I / Ī / Q / Q̄ )

where the phase vector is mirrored in all four quadrants as shown in the vector diagram (see

Fig. 4.8b ). The code-modulated signal is then squared using a current domain squaring

circuit which can be mathematically written as

E 2(t ) = k 2
�
CI (t )AI cos(! t ) + CQ (t )AQ sin(! t + � )

�2

= k 2

�
A2

I

2
+

A2
Q

2
+ CI CQ AI AQ sin �

�

+ 2nd harmonic terms
(4.6)

Four quadrants will correspond to four equations depending on the code applied CI and CQ .

As it can be seen, the last DC term is proportional to the quadrature phase error between I

and Q and this correlation term can be used to detect the I / Q phase error.

The original CoMET architecture has the ability to use the in phase correlations formed

by the cross-products of two signals from two elements which are in-phase with one another

and are used to obtain each element's amplitude and phase response. Since, Fig. 4.8a

resembles just a single element of CoMET architecture, to detect the amplitude mismatch,

a modi�ed methodology is used. Only I or only Q is modulated and squared in order,

which can be used to �nd the amplitude information of I and Q signals, which can be
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mathematically represented as.

E 2
I (t ) = k 2 (CI (t )AI cos(! t ))2

= k 2

�
A2

I

2

�

+ 2nd harmonic terms

E 2
Q (t ) = k 2

�
CQ (t )AI sin(! t + � )

�2

= k 2

�
A2

Q

2

�

+ 2nd harmonic terms

(4.7)

4.3.2 Proposed I / Q Calibration Technique

Fig. 4.9 shows the block diagram of the proposed LO measurement and calibration tech-

nique based on the mathematical analysis carried out in the previous section. The generated

I/ Q signals are fed to a current domain vector adder that can do the required code mod-

ulation based vector generation. The vectors (Fig. 4.8b) thus generated, being in current

domain are fed to a current squaring circuit which can do the required power detection.

Finally, a TIA with a tunable resistance is used to convert this squared current into voltage.

This voltage is then detected by the off-chip MATLAB based CoMET based solver to extract

the phase and amplitude information. Any static error like offset can be easily removed with

the help of code modulation and hence this calibration will not be impacted by static errors.

However, since the information of I / Q phase and amplitude is at DC, the �icker noise due

to on chip circuits can reduce the SNR and hence, will pose a limit on minimum amplitude

mismatch and quadrature phase error that can be detected through this technique. Having

developed the theory and circuit blocks required for this calibration technique, the next

sections focuses on the transistor level implementation and performance of these blocks

over the required bandwidth (10GHz-50GHz).
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Figure 4.9 Block diagram of CoMET based proposed I / Q calibration technique.

4.3.3 Current Domain I / Q Vector Adder

As discussed, to perform I / Q vector addition to perform phase detection , a vector adder

is required. Also since the required bandwidth is huge and current can easily be added

at a node, the vectors are processed in the current domain. This operation can simply

be implemented using a trans-conductor(V to I conversion), with codes enabling vector

selection capability. Fig. 4.10 shows the transistor level implementation of code modulated

vector adder. It is a cascode structure in which the common source transistors do the

V-I conversion and the common gate transistors act as a current buffer. The codes are

applied to the common gate devices to select the appropriate combination of vectors. For

amplitude mismatch information , where only one vector is selected at a time (I or Q), an

auxiliary branch is switched on so as to keep the biasing conditions constant and �ow a

constant DC current in the load. After the ac current (resultant current domain vectors) is

combined at node C, it should be diverted to a low impedance to preserve the amplitude of
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Figure 4.10 Current domain code modulated I / Q adder.

the resultant vector. The squaring circuit as we will see has a low input impedance. A high

impedance active load (cascode) is placed at the top so that most of the ac current �ows in

a low impedance current squaring circuit. Fig. 4.11 shows the small signal representation

for a single sign select branch of (Fig. 4.10). Since the cascode offers a low input impedance

(1/ (gm + gd s)), ac current I2 will be almost equal to gm VI . Since the load has an impedance

of gm 3r03r04, it creates a high impedance and diverts most of the small signal current I2 to

�ow as I3 into the squaring circuit. The same applies when two codes are applied, the two

code modulated currents (I and Q) simply add at the node C Fig. 4.10 and then �ow into

the squaring circuit.

To verify that I and Q vectors do add in the current domain, two sets of codes are applied.

First, CI = 1 and all other codes are zero, with V Au x =1, only I signal is converted to current

domain and sent to the squaring circuit. When CI = 1, CQ = 1 and VAu x =0, the I and Q

signals add in current domain. The ac current response is shown in Fig. 4.12a. Here, the I and

Q signals have equal magnitude and are set to have quadrature phase error of 0� and hence

the I +Q vector current is about 3 dB higher (3.1 dB to be exact) between (10GHz -50GHz)

and the phase difference between the two cases is almost 45 � which is expected. However,

53



Figure 4.11 Small signal model of the vector adder showing the current �ow assuming only one
code applied at the gate of cascode.

the ac current magnitude response reduces for higher frequencies and to compensate

for that, a series peaking inductor is used so that a constant magnitude of the current is

obtained between (10GHz -50GHz) without impacting the phase response (see Fig. 4.11b).

(a)
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(b)

Figure 4.11 Code modulated AC amplitude and phase repsonse for I and I +Q vectors a) without
peaking series inductor b) with series peaking inductor.

4.3.4 Current Squarer (Power Detector)

After the I and Q signals are code modulated, the resultant signal vector needs to be squared

in order to produce auto-correlation and I / Q cross co-relation products. One simple but

interesting current squaring circuit was introduced in [Bul87] which rely on the square law

characteristics of a MOS transistor in saturation. Fig. 4.12a shows the original squaring

circuit proposed in [Bul87]. According to the square law, the current Id in a MOS transistor

for long channel devices can be given as

Id = K (VG S � Vt )2 (4.8)

Assume that that voltage at the gate of M 2 is V2 and the currents I1 and I2 are shown on the

�gure. Then, the sum of the current I1 and I2 can be written as

I1 + I2 =
1

2
K (V2 � 2Vt )2 +

(I1 � I2)2

2K (V2 � 2Vt )2
(4.9)
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(a) (b)

Figure 4.12 (a) Original current squaring circuit proposed in [Bul87] (b) Modi�ed current squar-
ing circuit.

Also, the relation between bias current IB and V2 is given by

IB =
1

4
K (V2 � 2Vt )2 (4.10)

Applying KCL at the output node and using equations 4.9 ,4.10 and the fact that I2 - I1 = I i n ,

Io ut can be derived as

Io ut = I1 + I2 � 2IB

= 2IB +
I 2
in

8I0
� 2IB

=
I 2
in

8I0
.

(4.11)

If it is ensured that jI i n j < 4I0, then according to equation 4.11, square of the input current

is obtained divided by a constant DC current. However, these equation are true for long

channel devices. With advanced CMOS technology, the MOS device current is not exactly

a square law. Also, the current ID in a MOSFET depends on the drain to source voltage.

However, if it is ensured that the the overdrive voltage of the transistor is kept small and

VDS1 is kept almost the same as VDS3 (which is not equal for Fig. 4.12a), then the operation

is almost a square law characteristics [Wu09]. Therefore, a slight modi�cation is done in

the original squaring circuit by adding an additional MOS on top of M 3 (see Fig. 4.12b) so
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that VDS1 � VDS3. The body effect is reduced by connecting the body to the source to reduce

the body effect. Even with this correction, due to channel length modulation, the squaring

response suffers degradation in the conversion gain [Wu09]. Also, across 10GHz -50GHz the

squared response will have not the same bandwidth. Both of these issues can be minimised

using a tunable TIA to boost the squared current at higher frequencies.

Figure 4.13 Input vs output characteristics of the modi�ed squaring circuit.

Fig. 4.13 shows the input vs output characteristics of the designed squaring circuit

(Fig. 4.12b) for 3 different frequencies (10GHz, 30GHz and 50GHz). It can be observed that

upto -8dBm of power at the input, the squaring circuit shows a linear response which is

a typical characteristics of a power detector. Also, it is observed that as the frequency of

the signal increases upto 50GHz, there is almost 3dB reduction in the detected output

power. One of the limitations using this CoMET based approach to measure and calibrate

phase is presence of �icker noise at DC which can reduce the output SNR and can put

a limitation on the minimum phase and amplitude mismatch that can be detected. The

squaring circuit is one of the major contributors of �icker noise in the CoMET based I / Q
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correction circuit. To reduce the �icker noise, the design is implemented with larger length

devices (L = 112 nm & 232 nm) as it was found that by using larger length devices, �icker

noise was considerably reduced (�icker noise voltage is inversely proportional to the device

length) [Raz02].Thus, the �icker noise was traded off with the bandwidth of the squaring

circuit. Simulation showing the output SNR and noise contribution by each block in CoMET

based approach are discussed in the next chapter.

4.3.5 TIA (Trans-impedance Ampli�er)

To convert the squared current (baseband current) back to voltage, an I-V converter is

required. TIA's are commonly used to do this conversion as they present a low impedance

because of the negative feedback action. The current to voltage gain is dependent on the

value of the feedback resistor.Fig. 4.14 shows the simpli�ed circuit diagram of a TIA. It

consists of an Op-Amp connected in negative feedback through a feed back resistance RF .

The positive terminal is connected to a reference voltage VR E F. Assuming that the open

Figure 4.14 Simple circuit diagram of a TIA.

loop gain of the Op-Amp is 'A' and VR E F = 0V, then the closed gain transfer function AC L,

and the closed loop impedance ZC L is given as [Floll ]

AC L =
Vo ut

I i n
=

� RF

1+ 1
A

(4.12)
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ZC L =
RF

1+ A
(4.13)

Thus, the current to voltage gain (equation 4.12 ) depends on the the feedback resistance RF

and the open loop gain. If A is very high ( � 1), then the output of the TIA can be controlled

by just changing the feedback resistance. Using this feedback principle, the squared current

can be converted to a voltage that is then sent to the off chip CoMET solver. Also, the output

Figure 4.15 Schematic of the current mirror OTA with a class AB output stage.

of the TIA can be adjusted by tuning the feedback resistance RF to boost the output voltage

for higher frequency squared LO vectors. The output voltage of the TIA will be limited by

the output swing and the output current supplied by the Op-Amp. Hence, the Op-Amp

should be designed for low output impedance and higher output swing. VR E F is chosen to

be the DC operating point of the output of the squaring circuit.

Fig. 4.15 shows the transistor level schematic of the Op-Amp used in the TIA. It is a

current mirror OTA with a class AB output stage. Ibias is generated using a bias circuit which

also produces the required biasing ( VB1, VB2 & VB3). The Op-Amp is designed with a high

open loop gain and phase margin greater than 70 � . A class AB output stage is used as it has
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higher ef�ciency than a class A stage and at the same time it reduces the output distortion

as seen by a class B stage[Gra09] . The sizing of the output stage is done so that it easily

drive the feedback resistance as well the load by supplying enough current.

(a)

Figure 4.16 (a) AC gain and phase characteristics of the designed Op-Amp.

Fig. 4.16a shows the open loop gain of the Op-Amp . The designed Op-Amp has a DC

gain of around 72.6 dB (4000 V / V) and a 3dB bandwidth of around 100KHz. Since the power

detector output is at DC, the TIA does not require a high bandwidth. The phase margin

achieved is greater than 74 � to ensure stability while connected in closed loop.

The output swing of the class AB output stage can be written as [Gra09]

VDSAT13 + VG S18 < Vo ut < V D D � VDSAT14 � VG S19 (4.14)

Since body connected larger length devices are used to achieve are higher gain, the VG S

of the output stage transistors are higher as they have a comparatively higher Vt than the

high performance RF transistors and this limits the swing. Fig. 4.16b represents the output

60



(b)

Figure 4.16 (b) Output swing response of the designed Op-Amp.

swing response of the Op-Amp. It was found that if the gain of the Op-Amp was kept greater

than 50 dB, the loop gain remains higher than 35 dB when connected in feedback with

RF � 3K to 4.5K ohms, which is the typical feedback resistance value used in the design. In

this case, the TIA is able to swing from (0.7 V - 2.15 V) which is roughly about 55% of the

supply voltage (VDD = 2.7V) . We will see later in chapter 5 that the major contributor of

�icker noise in the CoMET based calibration circuit is the squaring circuit. The TIA adds

comparatively less noise at the output and hence the design is not optimized for extremely

low noise.

4.4 Conclusion

To achieve a low EVM required for reliable communication, the IRR of the quadrature

LO path should be maximized. Gilbert Cell mixer based technique can only be used for

measurement by down-conversion of generated I / Q signals. For quadrature correction,

an error detection circuit is required. Existing state of the art techniques use a Gilbert Cell
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like Phase Detector to achieve this but it can only detect the phase error and are prone to

output offset voltage due to process variation (reduces detection accuracy). This makes

the Phase Detector design challenging in the quest to increase the detection accuracy. A

novel CoMET based modi�ed technique was presented which can provide both amplitude

and phase detection and the offset introduced by the circuitry can be calibrated out by

code modulation using the required set of codes. The major blocks used in this technique

(current domain vector adder, current squarer & TIA) are implemented in 45nm RF SOI

technology and system level simulation results of this proposed CoMET based technique

are presented in the next chapter.
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CHAPTER 5

SIMULATION RESULTS: QUADRATURE

GENERATION AND CALIBRATION

This chapter presents the post-layout parasitic extracted simulation results of the proposed

tunable All-Pass Quadrature Generator that was discussed in Chapter 3 and, the schematic

only results of the proposed CoMET based quadrature measurement and correction tech-

nique discussed in Chapter 4. The design is implemented in 45nm SOI CMOS.

5.1 A 10 GHz-46 GHz Tunable Quadrature Generator

As discussed in chapter 3, to cover the entire 10 GHz-50 GHz with high IRR, a 3-band

digitally tunable design has been implemented. Fig. 5.1 shows the layout of the proposed

Quadrature Generator core along with the schematic. The digitally tunable QAF capacitance,

Series resistance and QAF tank Resistance are implemented using double gated �oating

body MOSFETs (L= 40nm) to ensure lower device parasitic capacitance. Two high quality

factor spiral Square Inductor (Outer Dimension = 44� m , Turn ratio = 1.25, width = 2 � m
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Figure 5.1 Schematic and layout of the Quadrature Generator core

and spacing = 4 � m) available from the RFSOI kit are used in the Quadrature core which

measures around 115pH. The outputs of the quadrature are connected through a resistance

Figure 5.2 Layout of the Digital Logic circuit for Quadrature Generation
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Figure 5.3 Layout of highly symmetric 10GHz - 46GHz Quadrature Generator

to ground so that all I / Q signal swings around DC = 0V. The Quadrature Generator core is

switched using the Digital Logic circuit as shown in Fig. 5.2. The Digital Logic is implemented

using standard cells available in the pdk. The last stage of the the digital logic are digital

buffers with their power supply connected to VDD_C, VDD_R and VDD_S to ensure �ne
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