
ABSTRACT

HARI, SANDEEP. N-path Receivers and Filters: From RF to mmWave. (Under the direction
of Brian A. Floyd).

With increased allocation and utilization in the greater than 6 GHz spectrum, there is

a need for widely-tunable frequency-selective systems that provide the added advantage

of blocker tolerance, spectral emission reduction, and enhanced linearity. Such systems

provide a frequency-selective narrowband response that can be tuned over a wide range

through tuning the local-oscillator.

In recent years, with improvement in transistor performance as a switch, a class of

circuits known as N-path structures has shown great promise in realizing these frequency-

selective systems. N-path structures, comprised of passive-mixers driven by non-overlapping

multi-phase local-oscillator (LO) pulses and a capacitively-terminated baseband, exhibit

impedance transparency due to the bi-directional nature of the passive mixer. When uti-

lized properly, the impedance transparency allows realizations of advanced structures

in baseband that can be up-converted to RF, thus reducing the design complexity over-

all. Moreover, this property enables tuning of the RF input impedance by tuning just the

baseband structures. Such a feature is desirable since it provides the ability to handle

impedance mismatches arising due to degradations from system-level integration. In the

low-frequency regime (< 6GHz), a variety of solutions based on N-path structures exist to

realize frequency-selective tunable receivers and filters. However, these solutions do not

scale well to higher frequencies; firstly because the existing non-overlapping LO generation

schemes based on static CMOS structures do not operate well above 6 GHz, and secondly,

the effect of parasitics coming from mixer switches becomes much more prominent. The

main focus of this research is to address these challenges to enable RF to mmWave N-path

structures.



The first key contribution of this research is the investigation of architectures to increase

the frequency range of multi-phase non-overlapping LO generation targeting a tuning range

of 5-50 GHz. Two quadrature generation schemes are proposed: (1) An active approach

based on current-mode logic 2:1 divider, and (2) a passive approach utilizing baluns and

Lange couplers. The four-phase sinusoidal waveforms from these structures are converted

into 25% duty cycle non-overlapping clocks through an inverter-based buffer and trans-

mission gates. The differences between the two approaches are investigated and the key

performance metrics are identified. As direct measurement of such high-frequency LO

waveforms are impractical, the two clocking approaches are evaluated through N-path

receivers and filters that utilizes these LO generation schemes.

The second key contribution of this research is the development and demonstration of

an RF-to-mmWave mixer-first N-path receiver utilizing the aforementioned divider-based

active clock. The fabricated hardware demonstrates a tuning range of 5-31 GHz, which was

the broadest reported range in literature at the time of publication. While other mixer-first

receivers exist in 10-30 GHz range, this receiver was the first receiver to achieve greater than

100% tuning range while utilizing non-overlapping LO waveforms achieving the lowest

noise figure. Also, this is one of the few receivers that provides a tunable input impedance.

The measured hardware achieves 8 dB Noise figure, >20 dB conversion gain, -17 dBm

input-referred P1dB and > -10 dBm IIP3 while consuming 300mW at 31 GHz.

The third key contribution of this research is the and demonstration of an RF-to-

mmWave tunable reflection-mode N-path filter with three bandwidth modes and upto

2nd-order roll-off. A new N-path topology called distributed N-path (DNP) is proposed that

utilizes a distributed inductance to absorb the effect of parasitics. The theory of achieving

operating bandwidth larger than 3-dB bandwidth of the coupler in reflection-mode filter

was developed as part of the filter design. A detailed description of the noise mechanics

in the filter was also developed. An active clock-based filter variant with a tuning range of



6-31 GHz has been realized , and this is the first CMOS tunable filter to operate above 12

GHz. Measurements show the filter can be tuned across 6-31 GHz with a maximum 3-dB RF

bandwidth of 0.47 GHz for the passive baseband and either 0.25 or 1.34 GHz for the active

baseband in narrowband or wideband modes.Clock circuitry consumes 75-320 mW from

6-31 GHz, respectively, whereas the active basebands consume ~70-90 mW. Filter insertion

loss is <7 dB whereas noise figure exceeds insertion loss by 1 dB at 6 GHz and 10 dB at

31 GHz. The filter provides a return loss better than 10 dB both in-band and out-of-band.

Finally, in-band IIP3 is 1.4-6.3 dBm, whereas the maximum in-band input-referred P1dB

is -2 dBm. The measured hardware achieves a A passive clock-based filter variant is also

fabricated and achieves a 5-50 GHz tuning range in measurements.

The multi-faceted applications and impact of this research can be demonstrated by the

diverse set of collaborative projects it has enabled since its conception. The clock variants

developed have been utilized in a wideband N-path receiver with frequency-translational

feedback, a 20-33 GHz transmitter, a 5-50 GHz reflection-mode filter, and a 5-31 GHz

filter-receiver cascade structure.
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CHAPTER 1

INTRODUCTION

With global needs for data rate and communication constantly increasing, there is an

ever-growing demand for wider spectrum. Due to overcrowding of the lower frequency

spectrum, communication systems are moving to higher frequencies. For example, 3GPP

has recommended the 24-52 GHz band as one of the choices for 5G NR [3GP21]. Also, initial

developments in 6G communications indicate operating frequencies above 100 GHz. The

motivation for moving communications to higher frequencies stems fundamentally from

the Shannon-Hartley theorem [Sha48], which equates channel capacity (C) of a Single Input

Single Output (SISO) system as a function of bandwidth (B) and signal-to-noise ratio (SNR).

C = B log2(1+
S

N
) (1.1)

As increasing bandwidth improves the channel capacity directly, moving communica-

tion systems to higher frequencies where plenty of spectrum is available is attractive. It is

to be noted that when the system is power-limited, increasing bandwidth alone does not
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always improve the capacity, since the noise term also increases with bandwidth. However,

from the equation we can infer that for a given bandwidth, designing a system with a higher

dynamic range, a function of the maximum input power and noise �oor, is bene�cial as

higher SNR can be achieved. To improve the channel capacity of the receivers, beamforming

and massive-MIMO systems are employed at millimeter wave (mmWave) frequencies.

A key factor enabling high-frequency operation of communication systems is the ad-

vancements made over the past few decades in semiconductor technologies. With improve-

ments in nanometer CMOS fabrication technologies, innovative circuit topologies have

been developed, and sometimes rediscovered, that can solve the challenges associated

with wideband systems and operation at mmWave frequencies. One such example is the

Silicon on Insulator (SOI) technology that signi�cantly improves the speed of transistors

due to reduced parasitic drain capacitance.

1.1 Wideband Frequency-Selective Systems

Figure 1.1: (a) Indicative received power levels at the input of a wideband RX (b) Tunable
frequency-selective response in comparison with wideband response
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With increased spectrum utilization and advances in semiconductor technologies, there

is a demand and therefore opportunity for systems operating over a wide range of frequen-

cies. Despite their operation at such a broad range of frequencies, the signal of interest

occupies a much smaller bandwidth ( � 400 MHz for mmWave 5G) around a particular

center frequency. In a crowded spectrum, all signals outside the current bandwidth of

interest appear as an interferer / blocker to the receiver of Fig. 1.1(a). A transmitter needs to

ensure that little power gets transmitted outside the band of interest. For a receiver, the

performance degradation caused by these interferers can be characterized at chip level

through gain compression, intermodulation products, and noise �gure degradation. For a

transmitter, harmonic distortion, channel leakage, and spectral emissions characterize this

degradation. Both receiver and transceiver can be evaluated at the system level through

error vector magnitude (EVM) measurements in the presence of an interferer.

An additional challenge that comes with the design of wideband systems is broadband

matching. To achieve ef�cient power transfer to / from external interfaces, the systems

need to be matched to a reference impedance across the frequency of operation. However,

when considering several octaves of frequencies, this becomes a challenging problem. As

the frequency range broadens, the matching degrades, according to the Bode-Fano limit

[Fan50]. Simple passive matching solutions cannot cover the entire range, and a distributed

low-Q matching comes at the cost of insertion loss and an increase in area.

An attractive solution to increase the robustness of wideband systems is to implement

them as tunable frequency-selective systems, which pass the band of interest while reject-

ing the signals out-of-band (OOB). Such systems achieve a broadband operation as the

frequency response is tunable around a particular center frequency as shown in Fig. 1.1 (b),

thus �ltering out the interferers. In such a system, if the input impedance is also tunable

with LO, impedance matching needs to be provided for a much narrower band of interest.

CMOS implementations of such systems are desirable due to the high level of integra-

3



tion and �exibility with minimal area penalty. A class of circuits known as N-path struc-

tures, based on passive mixers with capacitive baseband, and driven by multi-phase non-

overlapping LO, are an ideal candidate for CMOS implementations of such systems. The

impedance transparency property of these structures due to the bidirectional nature of a

passive mixer enables robust implementations of wideband frequency-selective systems

[Klu17; Dar13; And10]. These structures can be con�gured as a tunable �lter, providing an

RF-to-RF response, or as a receiver providing an RF-to-baseband response.

1.2 N-Path Structures

Figure 1.2: N-path circuit demonstrating impedance transparency

The theory for N-path �lters was �rst developed in the early 1950s, known as a com-

mutated network, and it was then rediscovered in the late 2000s (see references in [Klu17]).

As N-path circuits rely on a switched network, the advances in silicon technologies have

enabled their CMOS realizations in recent years, due to the availability of MOSFETs with

low on-resistance and parasitic capacitance.

At the most basic level, an N-path circuit comprises of a set of switches driving a capaci-

tive baseband, that are periodically turned on and off using non-overlapping local-oscillator

(LO) pulses as shown in Fig. 1.2. When the right switch size and capacitance values are

4



chosen, the structure exhibits impedance transparency, i.e., the baseband impedance gets

upconverted to the RF port of the circuit around the frequency of LO. Such an architecture

is inherently tunable with LO frequency and can provide frequency selectivity controlled

through baseband impedance. It follows that advanced structures can be employed in low-

frequency basebands to achieve the required matching conditions at RF, reducing design

complexity. Since the switches are driven by rectangular pulses, the switch is conducting

not just at the fundamental frequency of the LO, but also at its odd harmonics. This leads to

the baseband signals getting upconverted to the harmonics of the LO, effectively appearing

as a loss, known as harmonic re-radiation loss.

1.2.1 Prior-Art

N-path architectures have been extensively studied at low frequencies, and their op-

erating theory is well developed [And10; Mir10; Soe10; Dar13; Gha11]. [And10] utilizes a

charge-balance approach to model N-path behavior, whereas [Soe10; Dar13; Gha11] uses

a state-space approach. Additional approaches include adjoint network-based modeling

[Pav17] and frequency-domain based modeling [Mir10 ] An excellent survey of the state-

of-the-art N-path structures is provided in [Lin15] and [Klu17]. Below 6 GHz, complex

N-path architectures have been developed to improve the noise �gure, linearity, bandwidth,

and selectivity of the receivers and �lters employing these structures. A noise-canceling

architecture is developed in [Mur12 ] to achieve < 2 dB noise �gure (NF) and 13 dBm input-

referred third-order intercept (IIP3). [Lie18] further improves the linearity by achieving >40

dBm IIP3 utilizing a positive feedback baseband coupled with selectivity improvement

through shifted-transfer function subtraction similar to [Dar12]. Another interesting N-path

architecture is [Luo16], which utilizes an N-path structure as feedback around an LNA to

improve linearity and achieve frequency selectivity.
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Typically N-path structures demonstrate �rst-order selectivity. To overcome this limita-

tion, multiple techniques have been developed. [Dar13] utilizes multiple N-path structures

coupled through a gm-cell to achieve a 60 dB / decade roll-off, [Szo18] introduces positive-

feedback in baseband and shunting-notch to achieve 40 dB / decade roll-off, while [Kri21]

implements a negative resistance in the baseband to achieve 60 dB / decade roll-offs. Many

of these techniques for selectivity improvement translate well to high frequencies since

they are implemented baseband; however, most require a small switch size that limits their

application due to LO requirements. Few other techniques like [Son19] and [Tho15] do not

translate well to high frequencies due to the requirement of multiple N-path structures.

The main limitation that has prevented N-path circuits from operating above 6 GHz is

the lack of availability of multi-phase LO generation. While active techniques like [Wei17; Al-

19] and passive techniques like [Pir18] exist, they are either limited 50% duty cycle waveform

generation or do not acheive rail-to-rail swings needed by N-path strucutres. Another

challenge, which is more of a technological limitation, is the increased effect of parasitics

at higher frequencies. Research in [Yan15] provided the �rst theoretical framework for N-

path operating at any arbitrary frequency, showing that the highest frequency of operation

achievable by N-path is only limited by switch technology and LO tuning range. The �rst N-

path �lter operating above 6 GHz was demonstrated in [Kib16], covering a frequency range

of 0.1-12 GHz, and the �rst N-path receiver operating above 6 GHz was demonstrated in

[Wil16], covering 20-30 GHz. When this research began, these two were the state-of-the-art

high-frequency N-path receiver and �lters demonstrated in the literature.

Recently, receiver architectures employing quadrature 50% duty cycle square pulses

[Kri20a] and sinusoidal LO [Son20; Boy20; Iot18] have demonstrated much wider operating

range in mmWave frequencies, by utilizing circuit techniques to reduce the impact of LO

overlap. However, all of these systems suffer from increased noise �gure (3-9 dB increase

across frequency range) compared to the original N-path approach with 25% duty cycle rect-
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Figure 1.3: DARPA MIDAS program key goals

angular pulses [Wil16]. The advantage of these systems is their lower power consumption

and improved linearity.

1.3 Applications

The primary target application of this research is the implementation of tunable frequency-

selective receivers; however, the proposed clocking solution is very versatile and can be

integrated into a variety of systems. Moreover, the tunable �lter has applications in wide-

band transmitters as well.

A key motivator for this research is the DARPA Millimeter Wave Digital Arrays (MIDAS)

program Fig. 1.3, aimed at demonstrating the �rst element-level digital beamforming for

communication and remote sensing applications from 18-50 GHz [Han20]. A digital beam-

forming architecture comes with the additional challenge of spatial-blockers, making the

linearity requirement stringent. LNA-less N-path architectures employing passive mix-

ers are well suited for such application, due to improved linearity compared to LNA-�rst

architectures.

Another important application this research enables is in the area of mmWave multi-
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band recon�gurable radios. The proposed receiver and �lter can be utilized in developing

standalone receiver cores that cover a wide range of frequencies. Such a receiver core

can also be employed in developing modular extendable phased array receiver platforms

and testbeds [Flo18]. These platforms employ a common receiver core while extending

the frequency of operation using additional mmWave phased array RF front ends. The

�exible impedance matching feature of N-path structures can be utilized to overcome

the challenges arising from high-frequency interconnects in such systems, while their

frequency-selective nature is helpful in relaxing the linearity requirements of the front-end.

1.4 Research Objectives and Scope of this work

In this dissertation, we propose to investigate methods to increase and extend the frequency

range of N-path architectures, enabling wideband frequency-selective systems from RF to

mmWave. We target a frequency range of 5-50 GHz, covering multiple bands, including X,

Ku, K, and Ka bands, which are utilized for radar and satellite communications and were

recently allocated for 5G NR FR2. We focus on four-phase N-path mixers since a higher

number of phases limits the frequency of operation. Also, only 25% non-overlapping LO

generation is considered due to the noise bene�ts. We propose to advance the state-of-

the-art by creating an N-path receiver and an N-path tunable �lter, addressing the key

challenges in high-frequency design. In addition, these two systems are developed such

that they can be cascaded to further improve the frequency selectivity. We also investigate

additional methods to improve the frequency selectivity of N-path systems.

Chapter 2 of the thesis �rst discuss the various approaches to multi-phase LO generation

and then proposes two quadrature generation architectures suitable for LO generation

for N-path structures. We further discuss the various trade-offs involved in choosing one

architecture over other. Chapter 2 also discusses the fundamental limitation of transmission
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gate based 25% LO generation, �rst introduced in [Wil16].

Chapter 3 investigates an N-path receiver realization utilizing the active LO scheme de-

scribed in chapter 2. Additional challenges in designing a high-frequency mixer-�rst receiver

is discussed providing solutions for wideband impedance matching of the progammable

input impedance of the receiver. We then present results from hardware demonstrating the

�rst mixer-�rst receiver in CMOS with greater than 100% tuning range.

Chapter 4 deals with creation of RF-to-mmWave tunable �lters utilizing the active

LO scheme targeting 5-31 GHz and passive LO scheme targeting 5-50 GHz. We provide

comprehensive details about design the �lter and then we then discuss the theory behind

achieving 2 nd -order response in re�ection-mode. We further develop the noise transfer

mechanism in the �lter. Finally we present the measured hardware results demonstrating

the �rst CMOS tunable �lter operating above 12 GHz.

Chapter 5 summarizes the thesis presenting the key contributions and conclusions

from this research. Further we discuss the future directions that research from this thesis

can take.
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CHAPTER 2

MULTIPHASE LO GENERATION

2.1 Introduction

One of the key advantages of N-path structures is that they tune inherently with the LO signal.

N-path structures have been shown to operate up to 100 GHz [Wil16; Kri20a; Iot20; Boy20],

with the tuning range limited largely by the LO signal. Note that some of these structures

are not true N-path but rather passive mixer-�rst architectures utilizing 50% LO that reduce

the overlap effect through circuit techniques [Iot20; Kri20a ]. A major challenge in realizing

and extending the operating range of the multi-phase LO for N-Path structures is in the

generation of fast-rising multi-phase clocks, with minimal phase and amplitude mismatch.

In this chapter, we �rst review the existing approaches to multi-phase LO generation. Then

we introduce two clock architectures and compare them against the LO generation scheme

from [Wil16]. Due to an increase in the power consumption and the detrimental effects of

parasitics with higher frequencies, only four-phase LO generation is deemed viable above
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Figure 2.1: 25% non-overlapping LO pulses

10 GHz, and, hence, is the focus of this research.

The key research outcome from this chapter is the investigation and demonstration of

architectures to increase the frequency range of multi-phase non-overlapping LO genera-

tion targeting a tuning range of 5-50 GHz. Two different quadrature generation schemes,

namely an active divider-based approach and a passive approach utilizing baluns and

Lange couplers, will be discussed and then compared. Additionally, the theoretical limits of

transmission gate based non-overlapping LO generation will be investigated.

2.2 Background

Non-overlapping clock generation is critical to overall receiver performance in terms of

bandwidth, power consumption, and quadrature accuracy. For four-phase mixing, four
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25% duty cycle pulses successively delayed by one-fourth of the LO period are required as

depicted in Fig. 2.1. Assuming Tov to be the duration for which two switches are on and

Ton to be the duration for which only one switch is on as shown in Fig. 2.1, for the pulses

to be considered non-overlapping we have the condition, Tov=Ton � 1. Now, it is known that

Tov / Tr i s e and Ton / 1=FLO , where Tr i s e is the rise time and FLO is the LO frequency. This

indicates a need for smaller rise times (sharper pulses) as the LO frequency gets higher

to maintain the non-overlapping nature of the pulses. From this, two major challenges

can be identi�ed for wideband non-overlapping LO generation. The �rst challenge is the

generation of differential quadrature signals (four-phase) over a wide range and the next

challenge is the conversion of these signals into 25% duty cycle pulses with small rise times.

The key metrics to evaluate the generated multi-phase LO signals are phase and am-

plitude accuracy, which can be modeled through image rejection ratio (IMRR), power

consumption, input RF power levels, and the available output swing. Since these clocks

have to drive a MOS switch, the �nal LO pulses should typically have rail-to-rail swings.

In the low-frequency regime, four-phase clocks in receivers are typically generated

using either 2:1 or 4:1 frequency dividers, all in static-CMOS. Approaches that do not

involve frequency translation, like quadrature VCOs (QVCOs), passive techniques utilizing

couplers [Boy20; Kri20a], RC �lters [Pir18], and LC polyphase �lters [Wil16], are also capable

of generating differential quadrature signals, though these will incur area, power, and

bandwidth trade-offs. In examining prior art for N-path mixers, we generally �nd that the

static-CMOS divider-based approaches are most common, and most operate below 5 GHz

[And10; Bon17; Dar00; Klu17]. Power consumption in these static-CMOS designs is directly

proportional to frequency as

Pd i s s =
C V 2

2
f (2.1)

To generate non-overlapping waveforms, three general approaches are used. One is to
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create the waveforms directly within a divider with a one-hot counter architecture requiring

a complex reset logic [Mur12 ]. Alternatively, a logical AND operation can be performed

between pairs of 50% duty cycle pulses separated 90 o in phase. A similar third approach is to

AND between each 50% phase with one of the double-frequency clock signals, a re-timing

operation that is possible in divider-based schemes [Yin17].

It is to be noted that there are receiver architectures that employ 50% duty cycle LO

(sinusoidal or square pulses) to drive the passive mixers, utilizing circuit techniques to

lower the impact of the LO overlap [Boy20; Kri20a; Son20; Iot20]. All of these systems suffer

from increased noise �gure (3-9 dB increase) when compared to 25% duty cycle LO, but

have the advantage of reduced power consumption. Since we intend to investigate a highly

selective �lter / receiver cascade, having a lower noise �gure receiver is bene�cial to help

compensate for the insertion loss of the �lter; thus, we focus on 25% duty cycle LO.

2.3 Quadrature Generation

Static CMOS approaches to quadrature clock generation face challenges when scaled for

operation above 5 GHz due to rise-time concerns. This is not surprising, as these approaches

follow CMOS digital logic principles and hence are limited to low-frequency operation. To

overcome this challenge, if a divider-based architecture is used, the static-CMOS logic can

be replaced with faster Current Mode Logic (CML), with associated power and area penalties

[Yin17],[Wei17]. For higher frequencies, latch-based logic at 2X clock is preferable to �ip-

�ops at 4X clock due to the former's lower input frequency requirements. As mentioned

earlier, alternative approaches are also possible, including QVCOs and polyphase �lters,

and both scale well to higher frequencies. However, these approaches typically have limited

bandwidth, and QVCOs would ideally require a Phase Locked Loop (PLL) to be designed

for actual implementation. At high frequencies, due to dimension scaling, even hybrid
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couplers can be considered for quadrature generation [Iot20; Kri20a ]. Two straightforward

approaches to realize four-phase clocks are then (1) a CML divider clocked at 2X the desired

LO frequency and (2) passive quadrature networks clocked at the desired LO frequency.

2.3.1 Active CML-based Quadrature Generation

2.3.1.1 CML Basics

Figure 2.2: Basic CML inverter

Fig. 2.2 shows the basic building block in CML logic, the CML inverter. Compared to the

CMOS inverter the key difference is the presence of load resistance RL . When try to switch

the output voltage for low-state to high-state or vice versa, the effective output impedance
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Figure 2.3: Swing comparison of CML vs CMOS through DC sweep

presented by the CML inverter, RL k r0 is much small compared to that of the CMOS inverter,

r0 . This effectively reduces the rise time at the output allowing CML inverters to be faster.

Like any any other logic family different logic blocks like gates, latches and �ip-�ops can be

constructed in a similar fashion in CML logic family also. The key draw back in that CML

logic consumes static power, Vd d � IT where as the CMOS logic consumes only dynamic

power. Another feature of the CML logic is that it is purely differential requiring baluns if the

input is single ended and this makes it harder to generate non-50% duty cycle waveforms.

Further, CML logic has a limited output swing, IT � RL , where as CMOS logic swing is from

supply to ground as shown in Fig. 2.3. This demands additional buffering when switching

from CML logic to CMOS.

2.3.1.2 2:1 CML Divider

The major advantage of the current-mode logic architecture is its broadband capability

achieved by steering currents through small resistive loads. Additionally, since CML circuits

are fully differential, they have improved common-mode rejection. A static 2:1 divider

can be realized by cascading two CML latches with negative feedback from the outputs
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Figure 2.4: Block diagram of static 2:1 divider using two CML latches. The schematic of
the CML latch is also shown.

of the second latch to the inputs of the �rst latch as shown in Fig. 2.4. The four-phase

outputs(differential outputs of �rst and second latch) from such a divider do not suffer

from frequency-dependent IQ imbalance allowing wideband operation without calibration.

This is due to the quadrature accuracy being a function of how identical the two latches

are. When no RF power is provided at the input of the LO, the divider acts as a two-stage

differential ampli�er with unity gain negative feedback. If each stage has enough gain such

a system can oscillate at the frequency where loop gain is -1. This is known as the self-

oscillation frequency (SOF) of the divider and depends on the bias current. This behavior

can be exploited to generate four-phase signals at cost of minimal input power. The required

input LO power can be well below -10 dBm, if wide tuning ranges are not required, with the

CML divider operating more like an injection-locked system. Furthermore, by tuning the

current bias SOF can be tuned to an extend, improving the frequency range over which the

low LO requirement can be achieved.

The major disadvantages of the architecture include the added power consumption
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of the divider, the design complexity of the divider, limited output swing, and the need

to generate a 2X clock signal using a frequency multiplier. In our architecture, we do not

integrate a frequency multiplier; however, in a real system, a multiplier could be used

to generate the upper range of LO signals and avoid the need for off-chip generation of

multi-octave clock signals.

Fig. 2.4 shows the proposed active CML-based quadrature generation approach using a

2:1 frequency divider along with the schematic of the latch. Resistive CML buffers are used

to then drive static CMOS buffers which then drive transmission gates. Inductive peaking

is utilized in the divider to improve the maximum achievable output frequency but comes

at the cost of an increase in the minimum achievable frequency. The divider output swing

is decided based on the input requirement of the next stage. The proposed architecture

achieves an output tuning range of 5-31 GHz.

The key research challenges associated with active quadrature generation are opti-

mizing power consumption while providing wideband performance, achieving tunable

self-oscillation over a wide range, optimizing the peaking inductor for high fractional band-

width, and optimizing layout to prevent IMRR degradation.

2.3.2 Passive Distributed Quadrature Generation

One of the target applications of this research is 18-50 GHz wideband digital beamform-

ers under the DARPA MIDAS program [Han20]. Since digital beamformers require one

receiver core per antenna element, reducing power consumption is of great importance.

Additionally, the proposed non-overlapping LO generation (to be discussed shortly) relies

on inverter-based buffers, hence the buffer power consumption increases proportionally

to the operating frequency. Even though CML dividers can operate up to 50 GHz [Al-19],

the output swing from the divider reduces, further increasing power consumption due
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Figure 2.5: Passive distributed LO generation

to the increased buffering requirement. Thus, to enable operation at higher mmWave

range frequencies and reduce power consumption, we propose a passive architecture

based on distributed elements as shown in Fig. 2.5. Note that Fig. 2.5 also includes the non-

overlapping LO generation which will be discussed in the next section. This architecture

utilizes a balun followed by two 90 ° hybrid couplers to generate quadrature waveforms. All

three passive structures are designed as low Q networks with minimal impedance scaling

to achieve maximum bandwidth. One of the key drawbacks of the passive quadrature gen-

eration is the dependency of amplitude and phase mismatch on frequency. To overcome

this challenge, we introduce tunable capacitors to both I and Q paths. By biasing these

capacitors differently, a phase delay can be introduced to improve the quadrature accuracy.

A layout of the proposed scheme is shown in Fig. 2.6.

This approach has multiple advantages. First, there is no power consumption in the

quadrature generation function; hence, power is only consumed in buffers. Second, the
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Figure 2.6: Layout of the passive quadrature generation architecture

maximum operating frequency of the LO network is the same as the maximum frequency of

the mixer, simplifying its design. Finally, the power delivered to the buffers can be directly

controlled using the input clock power, since the �lter is passive. This is bene�cial as

the output swing of the quadrature generation does not limit the circuit operation and

if needed, this swing can be increased through the addition of external LO buffers. The

proposed architecture achieves greater than 30 dB IMRR over a tuning range of 25-50

GHz in simulation. It is to be noted that the architecture can be scaled to operate at lower

frequencies with similar fractional bandwidth, but is of less practical use since the area

penalty will be too high.

The major drawback of this architecture is the power division and insertion loss inherent

to passive structures. Even if the balun and couplers are ideal, a 6 dB loss would be present

as a consequence of the four-way power division. An additional 2-3 dB insertion loss is
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Figure 2.7: Waveforms at the inputs and output of the transmission gate at 30 GHz from a
post-layout simulation.

introduced from the resistive loss from the passive elements and impedance mismatches

between the elements. Hence this approach requires high input LO power of 6-8 dBm across

the bandwidth to provide enough swing to the following stage. The need for calibration

to improve IMRR is also a drawback, especially in a beamforming application where each

receiver core may need to be individually calibrated.

In summary, the key research contributions related to this passive quadrature generation

approach are achieving a wideband bandwidth with minimal loss, optimizing the IMRR to

minimize the required calibration, and optimizing the layout to achieve a minimal area

footprint.

2.4 Non-Overlapping Clock Generation

Generating 25% duty cycle at higher frequencies is challenging. If active quadrature gener-

ation is used, the latch-based one-hot counter does not translate well into CML, since it is

not differential, and requires complex resetting logic. Retiming-based AND is dif�cult to

implement due to the challenges associated with clock routing. Thus, a basic AND function

is preferable, though how this function is implemented will impact performance and power.
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The voltage swings at the outputs of both passive and active quadrature generation

are approximately 300 mV pp , and are sinusoidal (low � r i s e ); hence, buffers are required to

convert these signals to have fast-rising rail-to-rail swings. In particular, the mixer switches

need to be driven by rail-to-rail non-overlapping signals with a rise time ( � r i s e ) that is

smaller compared to the pulse width. At 30 GHz, ideally,

� r i s e �
1

4 � 30� 109
= 8.33p s. (2.2)

This buffering can occur before, within, or after the AND. We could implement the

AND before buffering using CML [Yin17; Wei17]; however, this requires a three-transistor

stack which impacts speed or power. Moreover, the subsequent buffer bandwidth needs to

accommodate at least three harmonics to maintain pulse shape, implying increased power

consumption. Instead, we choose to implement the AND after buffering using transmission

gates, as originally proposed in [Wil16] and shown in Fig. 2.7. The AND operation is realized

by enabling the passing of a signal through the gate using signals which are at 90 o offset

with respect to a given signal. Unlike pass-gate logic, since the input signals are periodic,

no additional pull up / down logic is needed when the transmission gate is not conducting.

The use of transmission gates greatly relaxes buffer requirements. The buffers only

operate with 50% waveforms, and also drive a mixer switch through the transmission gate.

Each buffer is realized using a chain of inverters, with the non-linear clipping nature of the

buffer aiding in faster rise time. A �rst-order approximation of rise time can be found by

modeling the inverter output as an RC network as

� r i s e � 2.2RC (2.3)

From this equation we can infer that the �nal stage of the buffer, driving the capacitive
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mixer load, needs to have a small output impedance close to 10 
 , leading to high power

consumption in the buffer. Moreover, the power consumption in the inverter buffer is

similar to static CMOS and follows (2.1); hence it increases with frequency. The �nal clock

rise time is determined by the RC network formed by the output resistance of the inverter

buffer, the on-resistance of the transmission gate, and the capacitive load due to the inverter,

transmission gates, and mixer switches, all of which are limited by the technology node

being used. Fig. 2.5 shows the proposed non-overlapping scheme preceded by passive

quadrature generation. The same blocks are utilized in the active CML-based approach

also though not separately shown.

For non-overlapping LO generation, the key research challenge is understanding the

theoretical limits of the transmission gates driven by inverters, while including gate capaci-

tance of the mixer switch. This is of considerable interest as it would allow optimization of

quadrature generation schemes to achieve the highest attainable frequency.

2.4.1 Modeling of the inverter tx-gate network

The tx-gate based AND circuit is the key enabler for high-frequency 25% generation. Here

we model this block to identify the fundamental limits of this circuit. Fig. 2.8 shows a simple

RC model of the network formed by the �nal stage of the inverter buffer and tx-gate. From

[Rab96] the equivalent inverter output resistance ( REQ) can be shown to be

REQ =
1

� (Vd d � Vt h � 0.5Vd sa t )Vd sa t
(2.4)

Assuming the inverter is sized such that the equivalent large-signal output resistance of

PMOS and NMOS are the same (� n = � p ,Vt hn = Vt hp ), RI N V models the REQ for rising and

falling edge. RT x is the effective resistance of the tx-gate when both PMOS and NMOS are

turned-on. While this resistance depends on the time-varying drain and source voltage, we
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Figure 2.8: Delay modelling of transmission-gate including the last-stage of the inverter-
buffer.

assumed it to be constant for simplicity. Note that each of the four inverters is connected to

the tx-gate drain input and the gate of one NMOS and one PMOS from a tx-gate (Modelled

asCT x ,g g) and the drain of another tx-gate(Modelled as CT X ,d d ). All these relevant capaci-

tances are lumped into CT x ,i n , the total capacitance at the input of the tx-gate(output of

inverter) and CT x ,o u t at the output of the tx-gate. Note that CT x ,i n also includes the output

capacitance from the inverter. For a �rst-order RC circuit, the rise / fall time can be equated

as given in (2.3). Now the rising edge and falling edge of the �nal 25% duty-cycle pulse

follow two different mechanisms. The rising-edge mechanism is similar to what is known

as synchronized tx-gate, and the falling-edge follows asynchronous tx-gate [Tok83]. During

the falling-edge time window of the 25% duty-cycle pulse, the gates of tx-gates are already

turned on / off, and the tx-gate switch is active. Applying the Elmore-delay model ignoring

23



parasitics, this fall-time can be written as,

t f a l l ,25% =2.2� [RI N V CT X ,i n + (RI N V + RT X )CT X ,o u t ] (2.5)

During the rising-edge time window of the 25% duty-cycle pulse, the drain is already set to

high / low, and the gate transition is responsible for the output transitionFig. 2.8. Ignoring

parasitics, this rise-time can be written as,

t r i s e,25% =2.2� [RI N V (CT X ,i n ) + (RI N V + RT X )CT X ,o u t ] (2.6)

Rearranging terms,

t r i s e,25% =2.2� [RI N V (CI N V + CT X ,d d + CT X ,g g + CM I X + CT X ,s s)

+ RT X (CM I X + CT X ,s s)] (2.7)

Note that the above equation is an approximation since RT X is dependent on the gate voltage

and changes from a high-resistance value(off-resistance) to RT X . Further, this transition is

affected by the distributed nature of gate capacitance and channel resistance, introducing

an additional delay. While both (2.5) and (2.6) is similar, the coef�cients of RT X will be

somewhat higher for the rise-time and hence is more critical. However, optimizing the

rise-time would automatically optimize the fall-time.

In (2.7) RI N V CI N V and RT X CT X ,s s are technology-dependent constants. Note that RT X

in the above equation is in fact a function of V gs, RT X (Vg s), but we have assumed the on-

resistance for simplicity. Removing technology dependent constant terms we can write,

t r i s e,25% / RI N V CT X ,t o t + RI N V CM I X + RT X CM I X (2.8)

Where CT X ,t o t aggregates the total capacitances from tx-gate. Since on-resistance is in-
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versely proportional to width and capacitance is directly proportional to width, we can

write

t r i s e,25% /
WT X

WI N V
+

WM I X

WI N V
+

WM I X

WT X
(2.9)

Given WI N V is directly proportional to the power consumption of the buffers and hence a

not a free variable and WM I X is decided by N-path metrics like impedance matching and

noise-�gure, we can get a condition for minimum rise-time as

WT X =
p

WI N V WM I X (2.10)

Note that the analysis in this section has ignored parasitics which can make a signi�cant

difference when the transistor sizes are small. (2.10) can be used as a guideline for the pre-

liminary design steps, but the tx-gate needs to be optimized with post-layout parasitics for

optimum performance. Since this is layout-dependent optimization, it cannot be modeled

in a generic way.

2.5 Simulation and Measurement Results

Both proposed LO architectures have been fabricated and measured as part of a mixer-�rst

receiver [Har19b] and a tunable �lter [Har21]. This section �rst shows measurement results

presented at 2019 IEEE IMC-5G conference [Har19a] comparing the active clocking scheme

with a different passive clocking scheme, based on LC polyphase �lter, from [Wil16] (state-

of-the-art at the time of publication). Then we compare the two proposed LO schemes and

discuss the trade offs.
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Figure 2.9: Measured DSB noise �gure (NF) and conversion gain (stepped LO, swept RF)
of receivers with �lter-based LO vs. CML-based LO.

2.5.1 CML-based LO vs State-of-the-Art Multi-Phase LO

The direct measurement of quadrature clocks at high frequency is impractical due to the

need for wideband 50 ohm drivers and complex test circuitry. Hence, we evaluate the clock

schemes typically through receivers or transmitters. Here, we compare two separate four-

phase mixer-�rst receivers which are fabricated in GlobalFoundries 45nm SOI technology,

one using passive clock generation, based on LC polyphase �lter [Wil16], and the other

using active clock generation [Har19b]. Each receiver uses the same architecture; however,

the individual basebands, mixer switch sizes, and, hence, buffer sizes, are customized for

their own particular frequency range. Also, the two receivers are fabricated at different

times using slightly different metal back ends and different design kits.

Since the mixer switch is the key contributor to noise, the clock generation schemes can

be evaluated using the receiver noise �gure (NF). Fig. 2.9 plots the conversion gain and NF

26



Figure 2.10: Amplitude and phase imbalance of receivers vs. LO frequency.
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