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Abstract

To meet the ever-growing need for connected devices, advanced wireless systems have
to accommodate tens of billions of wireless devices to support a wide range of applica-
tions in various communication standards. The wireless communication standards such as
IEEE 802.15.4-2020 are designed to provide better coverage for low-cost, portable wireless
systems with limited power consumption for various applications such as smart utility
networks(SUN), rail communications and control(RCC), healthcare and industrial mon-
itoring. These applications operate in multiple bands over a wide frequency range from
0.16 GHz to 2.4 GHz and have low data rates; hence, they should consume low power
for long battery life. To meet these requirements, the receiver’s RF front-end must be
re-configurable, and power consumption needs to be low while maintaining the sensitivity
of the receiver. The mixer-first RF front-end architecture operates over a wide range of
frequencies by tuning its local oscillator frequency or sampling frequency(fs). Therefore,
a single mixer-first RF front-end is sufficient to cover complete or most of the sub-2.4 GHz

IEEE 802.15.4e standard applications.

The mixer-first receivers employ N-path mixers and filters, which are excited by non-
overlapping clock phases and hence require clock dividers to generate precise multi-phase
non-overlapping clocks. These dividers require a reference clock frequency of N fs/2 for
generating non-overlapping clocks with a frequency, fs. In RF sampling-based mixer-first
RF front-ends requires a sampling frequency greater than or equal to fs, which increases
the power consumption of these non-overlapping clock generation and distribution circuitry
increases with the increasing fs. In addition, the stringent jitter requirements increase the
power consumption of the frequency synthesizers at high frequencies. Hence, the power
consumption of the clock generation circuit is no longer negligible since it increases with the
input RF frequency, frr. On the other hand, the sub-sampling down-conversion requires
a low clock frequency and hence reduces the power consumption of non-overlapping clock
generation, distribution circuits, and frequency synthesizer. However, the sub-sampling
down-conversion has not been employed in mixer-first receiver RF front-ends due to the
disadvantage of high noise figure from inherent noise folding and lack of RF port impedance

matching because of non-zero IF down-conversion. Therefore, the main focus of this thesis
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is to design digitally intensive sub-sampling mixer-first RF front-ends.

To address these issues, the first half of the thesis focuses on developing a
sub-sampling multi-path down-conversion mixer scheme to reject the harmonic down-
conversion to odd multiples of fy/4, thereby alleviating the effect of noise folding and
leading to a low noise figure.In addition, an IF stage impedance matching scheme is pro-
posed that provides a 50  impedance at the RF port of the mixer using an IF stage
M-phase switch-capacitor band-pass filter connected in shunt at the input of the IF-LNA.
Therefore, by employing these two schemes, a first of its kind process scalable low noise
figure highly linear sub-sampling mixer-first RF front-end is proposed in this work. How-
ever, this work is also a non-zero IF down-conversion which is heterodyne in nature, and
hence the passive mixer transparency property can not be exploited without the need for
an additional circuit at the IF, such as M-phase filter for providing impedance match-
ing at the RF port by impedance translation. To address this issue, a unique feature of
sub-sampling, i.e. quarter-rate sub-sampling, is exploited, and a direct down-conversion

scheme is proposed in this work.

The second part of the thesis presents the above mentioned concept of a quarter-
rate sub-sampling direct down-conversion scheme using a sampling frequency at least
three times lower than the input RF frequency and a harmonic re-combination scheme for
achieving direct down-conversion using the third harmonic of f;. The proposed RF front-
end simultaneously achieves quadrature direct down-conversion and impedance matching
by using the third harmonic of the quarter-rate sub-sampling frequency, fs. This way, the
quarter-rate sub-sampling direct down-conversion scheme saves the power consumption
of non-overlapping clock generation, distribution circuits, and frequency synthesizer than
the traditional RF sampling down-conversion receivers. Therefore, by employing these
schemes, a first of its kind quarter-rate sub-sampling mixer-first direct down-conversion

RF front-end is proposed.

Finally, the proposed RF front-ends are implemented in 1.2 V, 65 nm CMOS tech-
nology and a test chip is fabricated to verify the performance predicted by analytical
equations and circuit-level SpectreRF simulations. Both the proposed sub-sampling RF
front-end prototypes are implemented on the same test chip, and the test chip occupies an
active area of 0.65 mm?. The bare dies are directly attached to FR4 PCB and wire bonded
to measure the performance of the test chip. The performance of both the RF front-ends

is measured individually using various test setups. Verifying the results on four different
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chips shows that the first RF front-end offers a wide-band operation from 0.4 - 1 GHz by
tuning sampling frequency from 0.32 - 0.8 GHz with a minimum noise figure of 6.5 dB,
15.1 dB conversion gain and 50 dB third harmonic rejection. The proposed RF front-end
exhibit IB-IIP3 of +10 dBm OB-IIP3 and +20 dBm. The second RF front-end offers wide-
band operation over the frequency band 0.4 - 1.8 GHz by tuning a sampling frequency
from 0.13 - 0.6 GHz with a bandwidth of 90 MHz. The receiver has a DSB noise figure of
4.7 dB, a conversion gain of 22 dB, an IB-1IP3 of -1 dBm and OB-IIP3 of +8 dBm. The
switch-capacitor blocks in the first architecture consume 400 W, and the second architec-
ture consumes a power of 800 ©W, which makes both the proposed switch-capacitor-based

sub-sampling mixer-first RF front-ends suitable for low-power applications.
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Chapter 1

Introduction

1.1 Trends in Wireless Communications

Global mobile subscriptions are forecasted to reach 9.2 billion by the year 2028 as
shown in Fig. 1.1(a). The fifth-generation technology-based connections are expected
to occupy 54 % of the share of mobile traffic and 80 % of fixed wireless access (FWA)
connections[1]. The FWA provides a high-speed data transfer to the customers over the air
with the help of fixed base stations connected to a network. These base stations offer high-
speed wireless connectivity to remote areas without proper infrastructure. In addition,
the number of connected IoT devices over mobile networks is around 2.7 billion, and it is
projected to reach 5.5 billion in 2028, as shown in Fig. 1.1(b). These statistics reveal the
need for flexible radio with a programmable or re-configurable RF front-end to support
increased spectrum congestion and multi-band operation to accompany multiple standards
using a single receiver. The need for multi-standard operation has led researchers to

propose the idea of software-defined radio(SDR).
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Figure 1.1: (a) Global forecast of different device subscriptions (b) connected de-

vices[1]



1.2.  Digitally Intensive Switch-Capacitor RF Front-Ends

The concept of SDR is placing the analog-to-digital converter(ADC) just after the
antenna receiver[2] and digitizing all the received bands. However, the ADC operating at
high frequency imposes impractical power constraints on the ADC[3]. The alternative to an
SDR is a flexible radio that supports a multi-band operation with less power dissipation
and minimum hardware is the closest possible version of an SDR, which is a digitally
intensive receiver. A switch-capacitor based receiver RF front-end provides programmable
wide-band operation and consumes very low power makes it digitally intensive RF front-

end.

This chapter introduces digitally intensive switch-capacitor RF front-ends in Sec-
tion 1.2, followed by the classification of the RF front-end architectures based on down-
conversion frequency in Section 1.3. Then a brief literature survey on the sub-sampling
and RF sampling switch-capacitor RF front-ends is presented in Section 1.4. Afterwards,
Section 1.5 presents the research gaps among the reported RF front-ends architectures
and thesis objectives are presented. The concept of proposed sub-sampling digitally in-
tensive mixer-first RF front-ends is explained in Section 1.6. Thesis contributions and

organization of the thesis are presented in Section 1.7 and Section 1.8, respectively.

A
©® |deal SDR

vl

yZ d Digitally Intensive Rx
_® Dual-band Rx

Programmability

/./ Traditional Rx

Implementation

Figure 1.2: Architectural evolution of the receiver RF front-end

1.2 Digitally Intensive Switch-Capacitor RF Front-Ends

The quest for software-defined radio has led researchers to propose various receiver ar-
chitectures, from traditional single-band radios to digitally intensive architectures, shown
in Fig. 1.2. A conceptual representation of an ideal SDR contains an analog-to-digital
converter(ADC) and digital-to-analog converter(DAC) just after the antenna before base-

band processing as shown in Fig. 1.3(a). To perform the task, it is necessary that the
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ADC in the SDR must have extraordinary specifications. In addition, ADC with such high
dynamic range and other specifications dissipates hundreds of watts of power for conver-
sion[4]. Therefore, a flexible or re-configurable radio receiver that receives any channel at
an arbitrary frequency with less power dissipation and minimum hardware is the closest

possible version of an ideal SDR as shown in Fig. 1.3(b).

\%
Isolator

4@ DAC

(a)

Digital
Processing

Re-configurable | || pcl_,| Digital
RF front-end Processing

(b)

Figure 1.3: Block diagram representation of an (a) ideal [2] (b) and practical software

defined radio

The CMOS technology scaling has improved the switching characteristics of a MOS
transistor[5]. The rise time and fall time of the transistor switches in the advanced nanome-
ter design are in the order of tens of picoseconds. These rise and fall times offer good timing
accuracy to support operation at high frequencies. In addition, modern lithography tech-
niques offer a wide range of capacitor ratios[6]. These advancements have benefited from
realizing re-configurable RF front-ends using switch-capacitor mixers and filters. A switch-
capacitor mixer-first RF front-end provides performance tunability over a wide frequency
range by tuning sampling frequency. This property of switch-capacitor RF front-ends
makes them digitally intensive. Therefore, a digitally intensive switch-capacitor radio ar-
chitecture is the closest equivalent to an ideal software-defined radio(SDR) as shown in
Fig. 1.3(b). There are switch-capacitor RF front-ends proposed in the literature which are
based on RF sampling down-conversion and sub-sampling. The down-conversion principle
of both the RF sampling and sub-sampling based switch-capacitor RF front-ends and the

differences among the implementation are explained below.
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1.2.1 RF Sampling Based Switch-Capacitor RF Front-Ends

RF sampling-based switch-capacitor front-ends require a sampling frequency greater
than or equal to the input RF frequency to implement down-conversion and filtering using
N-path mixers and filters, respectively. The N-path implementation of the mixer and
filters have advantages in terms of noise figure, tunable high-Q bandwidth, and impedance
matching. However, the N-path topology requires precise N-phase non-overlapping clocks
for operation, and to generate precise multi-phase non-overlapping clocks, clock dividers
are required. To generate non-overlapping clocks with a frequency, fs, the dividers require
a reference clock frequency of at least N f;/2. Hence, the power consumption of these
non-overlapping clock generation and distribution circuitry increases with the increasing
frr since the corresponding sampling frequency also increases. In addition, the stringent
jitter requirements increase the power consumption of the frequency synthesizers at high
frequencies. Therefore, the power consumption of the clock generation circuit is no longer

negligible since it increases with the input RF frequency frpr.

1.2.2 Sub-Sampling Based Switch-Capacitor RF Front-Ends

Sub-sampling down-conversion requires a sampling frequency less than the input RF
frequency leading to the reduced power consumption of the frequency synthesizer, non-
overlapping clock generation, and distribution circuitry[7, 8]. The theory of band-pass
sampling states that “for uniform sampling states that the signal can be reconstructed if

the sampling rate is at least fs = 27{2“, where ‘n’is the largest integer within E{II/LV [7]”. Where

‘fu’ is the maximum frequency and ‘BW’ is the bandwidth of the input band-pass signal.
This sampling condition is analogous to the low pass sampling, which has a condition for
sampling fs > 2f,, where the input signal’s bandwidth is [0, f,]. On the other hand, the
quadrature sampling case of band-pass sampling states that if the sampling frequency is
selected from Eq. 1.1, the input signal gets down-converted to IF, and the alternative

samples at the output are in quadrature.

4
fo= MRE 0103,

frr =min (|frr — nfs|) = fs/4

Where, frr represents the intermediate frequency, ‘n’ represents the harmonic of the

4
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sampling frequency.

The sub-sampling receivers proposed in the literature have emphasized the imple-
mentation of down-conversion at both the RF and IF stages down-conversion. These
implementations show that sub-sampling down-conversion is a good alternative to RF
sampling down-conversion for implementing re-configurable switch-capacitor mixer-first
RF front-ends for low-power and wide-frequency band applications. However, the sub-
sampling down-conversion is not a popular choice for implementing in mixer-first receivers
due to the disadvantage of high noise figure from inherent noise folding and lack of RF

port impedance matching because of non-zero IF down-conversion.

1.3 Problem Definition

As explained in Section 1.2.1, RF sampling-based RF front-end requires a sampling
frequency greater than the input RF frequency hence it increases the power budget of the
receiver. On the other hand, sub-sampling down-conversion has the advantage of operat-
ing at a low sampling frequency, thereby reducing the power consumption of clock gener-
ation, distribution and frequency synthesizer circuits. However, the sub-sampling down-
conversion is not a popular choice for implementing in mixer-first receivers since the sub-
sampling down-conversion is inherently heterodyne in nature and high noise figure[9, 10].
As a consequence of non-zero IF down-conversion, the passive mixer transparency property
can not be exploited for providing impedance matching at the RF port by impedance trans-
lation. Therefore, it is required to address the problems of sub-sampling down-conversion,
such as non-zero-IF down-conversion, high noise figure and lack of impedance matching

to make it a suitable alternative to RF sampling-based receivers front-ends.

1.4 Literature Survey

In recent years, there has been increasing research interest in re-configurable RF
front-ends with frequency translation features. The advancements in CMOS technology
scaling improved the switching property of the MOS transistor; hence the switch-capacitor
circuits, such as passive mixers and filters, support wide-band operation. In a receiver, em-
ploying switch-capacitor circuits at the RF facilitates programmable multi-band operation

using a single RF front-end. This section gives an overview of the existing switch-capacitor-
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based sub-sampling RF front-end architectures [9-11] along with the RF sampling-based

switch-capacitor RF front-end architectures [5], reported in the literature.

1.4.1 Switch-Capacitor Sub-Sampling RF Front-Ends

Sub-sampling down-conversion employs a sampling frequency which is lower than
twice the highest frequency of the input RF signal but higher than two times the input
RF signal bandwidth. The sub-sampling down-conversion mixer employing a sampling

frequency of fs, translates the input RF signal with a frequency frr to f 2 313, 513 ,-- ete.

In the literature, there are few sub-sampling receivers reported, such as the sub-sampling
down-conversion receiver RF front-end architecture [10], which employs two-stage down-
conversion to zero frequency down-conversion, the current integrating sub-sampling mixer
translates the IF frequency to base-band using a g,,-cell, four-path sub-sampling down-
conversion mixer and complex filter[11], and the dual-band down-conversion receiver em-

ployed two-stage down-conversion schemes for each band[9].

RF sampling downconversion filter

Downconversion filter

|
| |
: ﬂF- /\Q_/ ® ‘ M fBBL A —Ib
l J D
RF filter LNA | S/H[mixer ' AfADC

| |
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I fs *fADC

|

|

|
/'\/ M AL
- ® ' fas | Dlq
'F Downconversion filter |

| RF IF BB

| L
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Figure 1.4: Block diagram of the sub-sampling receiver RF front-end[10]

1.4.1.1 Heterodyne Sub-Sampling Receiver in 0.18-ym CMOS

The heterodyne switch-capacitor sub-sampling receiver reported in [10] employed
a two-stage discrete-time quadrature down-conversion mixing scheme. The RF front-end
contains an RF filter, a tuned LNA, and a switch-capacitor sub-sampling mixer followed by
a switch-capacitor decimation filter, shown in Fig. 1.4. The sub-sampling down-conversion
receiver architecture is designed for 2.4 GHz IEEE 802.11b/g standard wireless local area
network (WLAN) applications in 0.18 pm CMOS. The input RF signal received by the

6
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antenna passes through an RF filter which filters the image of the RF signal, the LNA
amplifies the output of the filter, and then it is fed to a single-path sample-hold(S/H)
quadrature down-conversion mixer. As proposed in [10], the S/H mixer translates the
input RF signal of 2.4 GHz to an intermediate frequency (IF) depending upon the selection
of sampling frequency given by Eq. 1.1. For example, the RF signal gets translated to
an [F of 268 MHz for a sampling frequency of 1.072 GHz and to an IF of 142 MHz for
a sampling frequency of 547.5 MHz. The selection of low sampling frequency, such as
547.5 MHz, translates the input to low IF compared to 1.072 GHz. However, selecting
a low sampling frequency of 567.5 MHz translates the copies of RF down-conversions
closer compared to the 1.072 GHz, requiring a high-Q RF filter. The output of the mixer
is further down-converted to baseband by the switch-capacitor decimation filter. The
sampling frequency of the filter is 89.5 MHz, which is obtained by dividing the mixer
clock frequency by 24. This way, the decimation filter offered band-pass filtering and
down-conversion using decimation. However, the reported sub-sampling receiver does not
provide any gain hence it has a high noise figure of 44 dB, an IIP3 of 4+5.5 to +13.5, and
low bandwidth of 20 MHz only.

Phase4 t=nT,
4 /.
Pres d CsI Voutre(nTs) 5
= = = Phase1 —I |_| l_l |_| |—
Phase2 t=nT, %
|/ J_ /. % Phase2 _l |_, |_| |_, |_
g _ I Je. eI
Vin G @ret C. 8. Phase3
m Ph J— -l_-— t=nT. 15 4| |_| I_
ase3 = 0 s = Phase4 | |—| l—
[}
J_ = Pres | | ‘ |
£
Phas(:rlefl cs j__— Vout,im(nTs) 8
- t=nT,

Figure 1.5: Block diagram of the low noise figure sub-sampling mixer[11]

1.4.1.2 A Low Noise Quadrature Sub-Sampling Mixer

A current-mode sub-sampling down-conversion technique is presented in [11]. The
current-mode mixer down-converts the input RF/IF signal to IF/BB frequency. The
mixer architecture consists of a G,,-cell followed by a four-path switch-capacitor mixer

and complex IIR filter as shown in Fig. 1.5. The G,,-cell transforms the input voltage

7
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signal to current, and the switch-capacitor mixer sample the current instead of voltage
onto the capacitors. The Gj,-cell, along with the current integrating mixer, introduces
a low pass sinc-response. The non-overlapping clock scheme of the mixer samples the
alternative samples to real and imaginary channels with a time interval of %. Hence,
quadrature down-conversion is achieved in the proposed scheme by introducing a time
delay of t; between the samples, given by Eq. 1.2. To improve the selectivity, the input
current is integrated N-times onto the capacitors, which resembles a bandpass FIR filter.
In the end, the output of the sub-sampler is further translated to a desired frequency by

decimating the signal.

+

=]~

ti=( ), where n=0, 1, 2, 3..etc (1.2)

|3

The down-conversion mixer architecture is implemented in 0.8um BiCMOS technology.
The measured noise figure of the sampler is 10 dB at an output frequency of 13.1 KHz.
The main drawback of the work is the high noise figure even employing a G,,-cell at the
input of the sampler. In addition, the G,-cell limits the bandwidth of the sampler and

the linearity of the mixer.
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Figure 1.6: Block diagram of the dual-band sub-sampling receiver[9]
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1.4.1.3 A Sub-Sampling Dual-Band Tunable Gain Receiver in 65-nm
CMOS

A dual-band sub-sampling receiver with a bandwidth of 77 MHz and error vector
magnitude(EVM) of -40 dB is proposed for WLAN application in [9]. The dual-band
receiver consists of identical sub-blocks and sub-sampling down-conversion employed for
down-conversion as shown in Fig. 1.6. The performance of the sub-sampling receiver chain
is demonstrated for both the 2.4 GHz and 5 GHz applications. The proposed architecture
consists of a tunable LNA, single-path sub-sampling switch-capacitor down-conversion
mixer, IF amplifier (IFA) and a switch-capacitor decimation filter. The tunable LNA
amplifies the incoming RF signal and provides the required 50 €2 impedance matching,
then the single path sub-sampling down-conversion mixer translates the LNA output to
an IF frequency of %. The TFA further amplifies the down-converted signal, then the
switch-capacitor sub-sampling filter further translates the signal to base-band frequency.
The dual-band receiver has a noise figure of 11.5 - 12 dB, a variable gain of 26 - 41 dB and
-21 to -8 dBm IIP3. The main disadvantages of the proposed work are high noise figure
and poor IIP3.

1.4.2 Switch-Capacitor RF Sampling Based RF Front-Ends

In the literature, all the mixer-first receivers employed RF sampling for down-
conversion, requiring a sampling frequency greater than or equal to the input RF signal
frequency. In contrast to traditional LNA first receivers, switch-capacitor-based receivers
such as mixer first receivers and RF front-ends with higher order filtering and mixers [12—
14] lack LNA at the RF front-end. These architectures provide higher linearity than LNA
first receivers, however lack of RF gain results in a high noise figure. In addition, there
are wide-band LNA first receiver architectures reported in the literature, such as [15, 16],
which offer wide-band operation, low noise figure and high conversion gain, hence, they
are suitable for SDR applications. However, the RF sampling based LNA-first receivers
exhibit poor linearity and consume high power at the high frequencies due to low jitter
clock requirement for implementing down-conversion[17]. The concept and working prin-
ciple of various switched-capacitor based mixer-first and LNA-first receivers are presented

below.
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Figure 1.7: (a) Simplified architecture of a single-ended SC RF front-end (b) clock
waveform (c) operation of the SC RF front-end[12]

1.4.2.1 A Switched-Capacitor RF Front-End With Embedded Pro-
grammable High-Order Filtering

The single-ended version of the switch-capacitor receiver architecture, reported in
[12], is shown in Fig. 1.7 (a). The receiver consists of eight single-ended switch-capacitor
mixers for sampling and filtering, followed by base-band g,,-cells and trans-impedance
amplifiers (TIAs) for harmonic rejection. The switch-capacitor front-end is driven by an
eight-phase non-overlapping clock signal p; to ps, shown in Fig. 1.7(b). Each switch
conducts for a duration of 12.5 % of fL% and the sampling frequency fs = 8fro. As
depicted in Fig. 1.7(c), when p; clock is ON, switches Sy and S; conduct and hence the
So switches along with Cjg realise an RF stage N-path filter(NPF) which attenuates out
of band blocker signals. In addition, SC circuit sp and Cp, provide impedance matching
and sample the input RF signal. Hence, s; and Cs convert the continuous-time (CT)

input RF signal to DT domain. After sampling, the switches sy to s4 and the history

10
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capacitors Cp1 to Cprs and Cswell as Cg(i) and sg(i) realise a high-order discrete-time
infinite-impulse-response (IIR) filter. After filtering the switch, s; propagates the signal
to the g, cell input nodes. In the end, the g,, cells combine the outputs from all the
eight switch-capacitor banks to the in-phase (I) and quadrature (Q) paths and achieve the
harmonic-rejecting down-conversion. However, the amount of harmonic rejection depends
on the weighing gains of the g,,-cells. The sampling frequency is equal to or greater than

the input RF signal, and hence the power consumption of the frequency synthesizer circuit

is high.
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Figure 1.8: Block diagram of the passive mixer-first receiver with widely tunable

RF interface[13]

1.4.2.2 A Passive Mixer-First Receiver With Widely Tunable RF Inter-

face

The mixer-first direct down-conversion RF front-end [13] presented several useful
concepts of switch-capacitor RF front-end interface, such as tunable input impedance
matching by exploiting transparency of passive mixer switches and the input impedance
of the baseband amplifier. An eight-path mixer direct down-conversion scheme is employed
to translate the input RF to the base-band. These eight-path outputs are amplified by
BBLNAs and recombined using g,,-cells to obtain quadrature down-conversion and har-
monic rejection, shown in Fig. 1.8. However, it did not discuss the idea of direct down-

conversion using harmonics of fs and its consequences on the noise figure, conversion gain
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and RF port impedance matching. In addition, this mixer-first receiver front-ends also
employs RF sampling, requiring a sampling frequency greater than the input RF signal

frequency, leading to the increased power consumption of clock generation circuits.

1.4.3 Wide-band Receivers for Software-Defined Radio Applications

Typical low noise trans-conductance amplifier(LNTA) first receivers[15, 16] employ a
wide-band LNTA followed by a switch-capacitor passive down-conversion mixer as shown
in Fig. 1.9. These receiver architectures offer wide-band operation, low noise figure and
high conversion gain hence suitable for SDR applications. The working principle and

architectural implementation details are explained below.

° o

o— — [0 L\ @ C

RF f’.’l | BB 3T .—Zo;c T
180° ICDI_CDZ— L . ~

ol I | ]

Figure 1.9: Block diagram of LNA first wideband receiver architecture[16]

The trans-conductance (Gy,-cell) converts input RF voltage to the corresponding
current, and it is fed to a sampling mixer. The down-conversion mixer with a sam-
pling frequency(fs) translates the amplified input RF signal with frequency, frr to base-
band(BB) at the output. The sampling mixer employs a square wave local oscillator hence
mixing a signal by a square wave translates blockers/interferers present at the harmonics
of fs to the baseband, and high conversion gain also amplifies blockers, thereby deteri-
orating the performance of the receiver. Therefore, to address this issue, multi-path or
multi-phase mixing down-conversion mixer topologies are implemented, such as [18], where
down-conversion is implemented by three phases 0°, 45°, 90° and weighted by 1 : /2 : 1,
and summed to generate a sine wave look like LO signal. The advantage of such LO is
harmonic rejection since the Fourier coefficient of the third and fifth harmonics of the re-
sultant LO becomes zero. In a similar approach[19], the down-conversion with a weighing

factor of 1 : v/2: 1 is realized in two stages to improve the harmonic rejection. However,
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the main disadvantage of such implementation is achieving irrational weighing gains, and

two-stage implementations increase the complexity of the receiver.

1.5 Research Gaps and Thesis Objectives

1.5.1 Research Gaps

Based on the literature survey, this section presents the limitations of the sub-
sampling receiver implementations [9-11] and RF sampling-based switch-capacitor receiver

implementation [12, 13, 16].

As explained in Section 1.4, the sub-sampling down-conversion [10] employs a single-
stage switch-capacitor I/Q down-conversion mixer and IF to BB decimation filter for
collecting I/Q samples. Furthermore, the low noise quadrature down-conversion mixer
[11] employs transconductor ‘g,,’ for converting the input voltage to the corresponding
current, thereby implementing current-mode sampling for down-conversion. The dual-
band sub-sampling receiver architecture [9] translates both the 2.4 GHz and 5 GHz bands.
These implementations have the same drawback of high noise figure and poor linearity.
In addition, the sub-sampling receiver implementations are LNA-first receivers and hence
do not provide reconfigurability. Conversely, the mixer-first receivers require a sampling
frequency greater than or equal to the input RF frequency and provide reconfigurability
over a wide frequency range. The switch-capacitor RF front-ends provide high linearity
and a good noise figure of 8 dB or less without a traditional LNA. However, the frequency
synthesizers employed in these implementations consume high power since the design is
complex and operates at a high frequency. The performance of these RF front-end archi-

tectures is compared in Table 1.1.

Therefore, from the literature review presented in Section 1.4, it is evident that there
is a need for digitally intensive sub-sampling quadrature down-conversion RF front-end
architecture with 50 2 impedance matching at the RF port. The sub-sampling approach
offers a low-power programmable receiver RF front solution for low-power applications
since the sampling frequency is less than the input RF, leading to the reduced power con-
sumption of the frequency synthesizer. To address the research gap presented above, the

next section presents the proposed digitally intensive sub-sampling receiver architectures.
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Table 1.1: Performance summary of the state-of-the-art RF front-ends present in

the literature
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1.5.2 Thesis Objectives

The main objective of the thesis is to implement a low noise figure, highly linear,
impedance matched programmable wide-band sub-sampling mixer-first RF front-end using

process scalable circuit components such as switches, capacitors, and CMOS inverters.

The design goals for the proposed sub-sampling RF front-end are considered in terms
of sampling frequency used for down-conversion, noise figure, conversion gain, P1dB, IIP3,

impedance matching, and harmonic rejection are provided as follows:

RF front-end should support programmable or re-configurable wide-band operation.

Sampling frequency should be less than input RF frequency(fs < frr).

Noise figure should be less than the previously reported sub-sampling receivers, i.e.,

<10 dB.

IIP3 should be greater than +0 dBm.

50 © impedance matching at the RF port.

Input return loss (S11) should be greater than 10 dB through the band.

1.6 Proposed Solutions

All the mixer-first RF front-ends reported in the literature have employed RF sam-
pling for down-conversion[5]; hence they operate at a sampling frequency equal to or
greater than the input RF frequency(frr), requiring high-performance frequency synthe-
sizers with stringent phase noise, jitter requirements leading to increased power consump-
tion[17]. On the other hand, the sub-sampling class of receivers operate at a sampling
frequency less than the incoming frp, leading to the reduced power consumption of the
frequency synthesizer. Additionally, sub-sampling receivers do not suffer from the dis-
advantages such as DC offset, second-order non-linearity and 1/f noise due to non-zero
IF. The sub-sampling architectures reported are low-power receivers and multi-standard
RF receivers with two mixer stages [9-11, 26, 27]. However, there is no sub-sampling
mixer-first receiver architecture reported till date due to the inherent disadvantages such
as noise folding leading to high noise figure and lack of impedance matching at the RF
port due to non-zero IF. Therefore, by addressing these issues, two re-configurable sub-
sampling mixer-first RF front-ends are proposed[28, 29]. This thesis provides a detailed

performance analysis of the proposed RF front-ends in terms of conversion gain, noise
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figure, linearity, harmonic rejection and impedance matching.

A B

ZinHRF) 9 ao B
M.- Z, () DV " T?T ..... T
out,
: IF .
Soe Siso° )[ T IF-LNA o >
¢ [abtcelel duluiek mininieinieieiely ou
fRF VRF+ E % i
i M-Path Complexé
= Var S1s0° So° {Impedance Filter;
: 7 :
A 2= £ 3 5 7%
» S o | Voot 4 4 4 4
| > So0° S270° j( IF-LN Voo a p
Far | out,Q TAA ..... *
Is 3fs Sfs 7fs
S270° Soo° 4 4 4 4

Figure 1.10: Block diagram of the proposed process scalable sub-sampling mixer-

first RF front-end

1.6.1 A Process Scalable Architecture for Low Noise Figure Sub-
Sampling Mixer-First RF Front-End

The block diagram of the proposed sub-sampling mixer-first RF front-end architec-
ture is shown in Fig. 1.10. The proposed RF front-end addresses two important issues in
sub-sampling mixers for making them ready to be deployed as mixer-first sub-sampling RF
receivers. Firstly, a multi-path down-conversion mixer scheme is proposed to reject the se-
lected IF odd-harmonics of fs/4, thereby alleviating the effect of noise folding, leading to a
low noise figure mixer. Secondly, the impedance matching problem of sub-sampling down
conversion is addressed by having an IF stage impedance centred at frequency fs/4 using
an M-phase switch-capacitor band-pass filter and an IF-LNA. A complete analysis using
analytical equations of the performance metrics such as noise figure, input impedance,
frequency plan and its effect on noise figure, the magnitude of harmonic rejection, conver-
sion gain and linearity are presented. To validate the performance predicted by analytical
equations as well as to explain the architecture, strategies and principles, a sub-sampling
mixer-first RF front-end architecture is implemented in 1.2 V, 65 nm CMOS. The pro-

posed RF front-end employs process scalable circuit components like switches, capacitors
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and inverters, and hence RF front-end scales very well with the technology. It is established
that the performance predicted by analytical equations and SpectreRF simulations at the
architecture level and at the circuit level is in close agreement with test chip measurement

results.

Harmonic Recombination

Passive
Mixers

1Q

Figure 1.11: Block diagram of the proposed sub-sampling direct down-conversion

mixer-first receiver architecture

1.6.2 Digitally Intensive Sub-Sampling Mixer-First Direct Down-
Conversion RF Front-End

The second architecture proposed in this work addresses the non zero-IF down-
conversion problem of sub-sampling by employing direct down-conversion using harmon-
ics of sampling frequency fs;. The block diagram of the proposed digitally intensive sub-
sampling mixer-first direct down-conversion RF front-end is shown in Fig. 1.11. The main
contribution of the second architecture includes a sub-sampling direct down-conversion
scheme and 50 € impedance matching at the RF port by using sub-sampling frequency f,

equal to one-third of frr and an eight-path mixer. In the proposed scheme, the third har-
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monic of the f is used for direct down-conversion to zero-IF and down-conversions from
the fundamental and fifth harmonic of f; are marginally attenuated. This work proposes
a first-of-its-kind sub-sampling direct down-conversion mixer-first RF receiver front-end.
The architecture is simulated, and the performance is verified using technology scalable
components like switches, capacitors, and inverters. It is observed that the proposed dig-
itally intensive architecture performance predicted by analytical equations and Spectre

simulations is in agreement with the test chip measurement results.

1.7 Thesis Contribution

This thesis proposes two digitally intensive process scalable sub-sampling re-
configurable mixer-first RF front-ends. These RF front-ends are designed using process
scalable circuit components like switches, capacitors and inverters, and hence the proposed

architecture scales very well with the technology.
The main contributions of the thesis are listed below.

1. As explained in Section 1.6.1, the process scalable low noise figure sub-sampling
mixer-first RF front-end addresses the issues of noise folding and impedance match-
ing. A scheme to reject the selected IF odd-harmonics of f;/4 by multi-path sam-
pling is proposed, alleviating the effect of noise folding, thereby leading to low noise
figure sub-sampling mixer-first RF front-end. The impedance matching issue of
sub-sampling down-conversion is addressed by proposing an IF-stage impedance by
using a combination of the M-phase band-pass filter and the IF-LNA.

2. As explained in Section 1.6.2, the digitally intensive sub-sampling mixer-first di-
rect down-conversion RF front-end architecture proposes a scheme for direct down-
conversion sub-sampling RF front-end and also another scheme for impedance
matching at the RF port by using sub-sampling frequency(fs) harmonics and an
eight-path mixer. In both these schemes, the third harmonic of the fs is used for
direct down-conversion to zero-IF. Hence, the proposed sub-sampling receiver archi-
tecture outperforms RF sampling receivers in terms of clock generation circuit power
consumption, thanks to the low operating clock frequency of the sub-sampling RF
radio.

3. A proof-of-concept test chip containing both the proposed digitally intensive sub-

sampling mixer-first RF front-ends has been designed and fabricated in 1.2 V 65
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nm CMOS technology. Both the proposed sub-sampling RF front-end prototypes
are implemented on the same test chip, and the test chip occupies an active area of
0.65 mm?2. The full-chip layout is shown in Fig. 1.12(a). The bare dies are directly
attached to FR4 PCB and wire bonded to measure the performance of the test chip
as shown in Fig. 1.12(b).

1.3 mm

1.1 mm

1.1 mm
HE BENEE RRAE 4

3z

RFin CLKin
ARCHITECTURE I: A process Scalable Architecture For Low Noise Figure Sub-Sampling Mixer-First RF Front-End
ARCHITECTURE II: Digitally Intensive Sub-sampling Mixer-first Direct Down-conversion RF Front-End

(b)

Figure 1.12: (a) Full-chip layout, (b) microphotograph of the bare die and photo-
graph of the test PCB

4. The performance of the proposed sub-sampling mixer-first RF front-ends is mea-
sured individually using various test setups, shown in Fig. 1.13(a) and (b). The

measured performance of the proposed RF front-ends is in close agreement with the

19



1.8. Thesis Organization

performance predicted by analytical equations and SpectreRF simulations.
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Figure 1.13: Test chip measurement setup (a) architecture-1, (b) architecture-II

5. The proposed digitally intensive sub-sampling receiver test chip is designed, simu-

lated, and fabricated chip performance is measured in the lab.

1.8 Thesis Organization

This thesis presents the design and implementation details of the proposed re-
configurable sub-sampling mixer-first RF front-ends.

Chapter 1: Introduction

This chapter provides an introduction to the need for digitally intensive RF front-
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ends and the motivation behind undertaking the sub-sampling down-conversion scheme to
implement re-configurable RF front-ends, along with the literature survey, objectives and

contributions of the thesis.

Chapter 2: A Process Scalable Architecture for Low Noise Figure Sub-
Sampling Mixer-First RF Front-End

In this chapter, the concept of the proposed “ process scalable architecture for low
noise figure sub-sampling mixer-first RF front-end” is presented. This chapter mainly
focuses on the implementation details of the multi-path sub-sampling harmonic rejection
mixer scheme and the IF stage impedance matching scheme. In addition, the performance
of the proposed RF front-end is analyzed using results analytical equations, and 1.2 V, 65
nm CMOS circuit-level performance is also verified using spectreRF simulation. Finally,
the overall error vector magnitude (EVM) analysis of the proposed RF front-end is also

presented at the end of the chapter.

Chapter 3: Digitally Intensive Sub-sampling Mixer-First Direct Down-
Conversion RF Front-End

This chapter presents the concept of the proposed “digitally intensive sub-sampling
mixer-first direct down-conversion RF front-end”. In this chapter, the implementation de-
tails of the proposed eight-path mixer-based approach to achieve direct down-conversion
and impedance matching using the third harmonic of fs are presented. In addition, the
performance of the proposed RF front-end is analyzed using results analytical equations,
and 1.2 V, 65 nm CMOS circuit-level performance is also verified using spectreRF sim-
ulation. Finally, the overall error vector magnitude (EVM) analysis of the proposed RF

front-end is also presented at the end of the chapter.

Chapter 4: CMOS Implementation of Sub-Sampling RF Front-end Archi-

tectures

The circuit and layout implementation details of the two sub-sampling RF front-
ends proposed and presented in Chapter 2 and Chapter 3 of the thesis are presented in
this chapter. In addition, the post-layout performance results and summary of both the
proposed RF front-ends are also provided. Finally, the full-chip layout implementation
details, individual sub-block placement and details of the input and output pins of both

the RF front-ends are also provided in Chapter 4.
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Chapter 5: Measurement Results and Discussion

The test chip containing both the proposed sub-sampling mixer-first RF front-ends is
fabricated in 1P9M TSMC 65-nm CMOS technology. This chapter presents the fabricated
test chip measurement results for both the RF front-ends based on [30] and [31] and the
discussion of the measurement results. Initially, the details of the PCB designed to test the
fabricated chip performance and the details of measurement setups are presented. Next,
the measured performance of the proposed process scalable architecture for low noise figure
sub-sampling mixer-first RF front-end in terms of IF output frequency spectrum, harmonic
rejection, conversion gain, noise figure, S11, P1 dB and IIP3 is presented. Similarly, the
measurement setup used for testing the performance of the proposed digitally intensive
sub-sampling mixer-first direct down-conversion RF front-end is also provided. In addition,
the measured performance of the proposed direct-down conversion receiver, in terms of
baseband output frequency spectrum, conversion gain, noise figure, S11, P1dB and IIP3
is presented in the second half of Chapter 5. Finally, the performance comparison of both
the proposed RF front-ends with the state-of-the-art RF front-ends is presented at the

end of the chapter.
Chapter 6: Summary, Conclusions and Future Work

This chapter summarises the outcomes based on the work reported in chapters 2 to
5 of the thesis and discusses the future possible work, which includes further optimiza-
tion of IF-LNA performance to reduce the power consumption, designing of divider-less
non-overlapping clock generation circuit and achieving impedance matching at the higher

harmonics of fs, i.e., beyond the third harmonic of fs.
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Chapter 2

A Process Scalable Architecture for Low Noise Figure

Sub-Sampling Mixer-First RF Front-End

This chapter presents the concept of the process scalable architecture for low noise
figure sub-sampling mixer-first RF front-end. Section 2.1 explains the idea of sub-sampling
wireless links for low-power radios, which includes the low-power paradigm of sub-sampling
down-conversion and the proposed RF front-end scheme. In addition, as explained in
Section 1.5.2, the performance analysis of sub-sampling mixer-first RF front-end in terms
of proposed harmonic rejection scheme, noise figure, conversion gain and linearity are
presented in Section 2.2. The proposed impedance matching scheme for sub-sampling
mixer-first RF front-end is provided in section 2.3. The system-level EVM performance
of the proposed RF front-end using block-level parameters is presented in Section 2.4 and

Section 2.5 concludes the chapter.

2.1 Sub-Sampling Wireless Links for Low-Power Radios

This section presents the sub-sampling down-conversion paradigm for low-power ap-
plications and the noise figure requirements for the low-rate wireless network(LR-WN)

specifications.

2.1.1 Sub-Sampling Down-Conversion: A Low-Power Paradigm

The LR-WN technology demands low-power operation with low-data rates. The tra-
ditional receiver architectures do not support this low-power paradigm of LR-WN technol-
ogy. This section looks into the power budgeting of different blocks in a receiver. The total
power consumption in a receiver includes the power consumption of the major subsystems,
such as a receiver, sampling clock generation, and distribution. Specifically for sampling-

based RF radios, LO generation involves non-overlapping, multi-phase clock generation,
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distribution, and realization of a frequency synthesizer.
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Figure 2.1: Power consumption of the (a) non-overlapping multi-phase clock genera-
tion, distribution circuits, (b) sampling frequency synthesizers versus their operating

frequency.

The power consumption of the non-overlapping, multi-phase clock generation, dis-
tribution for different operating frequencies of a mixer-first RF sampling receiver archi-
tectures[10, 12, 32-35] is shown in Fig. 2.1(a). It is observed that at higher operating
frequencies, the power consumption of the non-overlapping, multi-phase clock generation,
distribution is almost equal to the power consumption of the receiver circuit. For exam-
ple, in[12], the clocking circuits operating in the frequency range of 0.1 GHz to 0.7 GHz
consume power in the range of 7 mW to 53 mW. At this rate, the power consumption of
non-overlapping, multi-phase clock generation and distribution circuit exceeds the receiver

power consumption.

On the other hand, published frequency synthesizers[36-43] power consumption ver-
sus their operating frequency is shown in Fig. 2.1(b). This graph reveals that the
power consumption of the frequency synthesizer decreases with the decreased operating
frequency. Therefore, sub-sampling receivers are a good choice for LR-WN technology ap-
plications, since the power consumption of non-overlapping, multi-phase clock generation,
distribution circuits and realization of a frequency synthesizer, dramatically drops at low
sampling frequencies. This analysis demonstrates that one of the elegant ways of reducing
the total power consumption of the receiver is by deploying a low sampling frequency RF

radios enabled by sub-sampling.
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Sub-sampling down-conversion receivers[9, 10, 29] employ a low-frequency clock which
depends on the signal bandwidth rather than the highest frequency component at the RF
receivers. Hence, it has an inherent advantage in terms of a less complex, less power-hungry
sampling frequency generator operating at a low sampling frequency. For example, the
power consumption of sub-sampling implementation [10] has a reduced power consumption
since the f; < frr compared to the RF sampling-based implementations. Thus, it is
evident that the sub-sampling down-conversion architectures are power efficient, and hence
they are suitable for deploying in the LR-WN networks leading to longer battery life.
However, the direct consequence of the sub-sampling is inherent noise folding and hence
high noise figure[9, 10]. This issue is addressed in this work by using a multi-path harmonic

rejection scheme along with an impedance matching scheme.

2.1.2 Sub-Sampling RF Front-End for Low-Power Application

The proposed sub-sampling RF front-end has two major contributions, one, a low
noise figure harmonic rejection mixer scheme to alleviate the problem of noise folding, and
two, an IF stage impedance matching scheme for the sub-sampling non-zero IF receivers.
These two schemes make the sub-sampling down-conversion suitable to deploy in mixer-
first receivers. The proposed sub-sampling mixer-first RF front-end consists of a four-path
sub-sampling mixer IF stage switch-capacitor filters and IF-LNAs as shown in Fig. 1.10.
The four-path mixer down-converts the incoming RF signal to IF and offers harmonic
rejection leading to a low noise figure. The IF-LNA, in combination with the switch-
capacitor filter, offers the required gain at IF and impedance matching at the RF port.
The impedance realized by this combination at IF is frequency translated to frr by the

transparency property of the passive mixer.

The proposed architecture is realized for the LR-WN standard in the frequency band
from 0.4-1 GHz with a target sensitivity of -92 dBm. Specifically, the architecture is
realized for 860 MHz and 940 MHz bands for a target bandwidth in the range from 20-
50 MHz. Different system-level physical layer parameters specified by the IEEE 802.15.4
standard are given in Table. 2.1. The required noise figure is calculated by Eq. (2.1)[44],
where P,,;,, is the minimum power level at the input of the receiver, BW is the transmission

bandwidth, and SN Ry, is the minimum signal-to-noise ratio.

NF(dB) = Poin(dB) + 174(dBm/Hz) — 10log1o(BW) — SN Rypin(dB) (2.1)
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Front-End

Table 2.1: Parameters of IEEE 802.15.4 Standard

Parameter Specification

Frequency range (GHz)* | 0.16 - 2.4

Typ. bandwidth (MHz) 90
Sensitivity(dBm) -92
Noise figure(dB)*x <12
[1P3(dBm) >10

* Various frequency bands

** Estimated

So(f)

Noise folding

Figure 2.2: Noise folding in the sub-sampling down conversion.

The noise figure for a minimum SNR of -5 dB [45], and for a typical bandwidth of 50
MHz is 10 dB. Therefore, the target noise figure for the proposed RF front-end is < 10
dB to achieve the needed sensitivity of -92 dBm.

2.2 Harmonic Rejection and Noise Figure of Sub-Sampling Mixer-First

RF Front-End

2.2.1 Single Path Sub-Sampling Mixer

Generally, a switch-capacitor single-path mixer is sufficient to implement the sub-
sampling down-conversion [9, 10]. In sub-sampling, the down-conversion mixer translates
the input RF signal to IF at the odd harmonics of fs/4. For an input RF signal with
frequency frp, the mixer effective tracking bandwidth B.f; is usually twice the fgrp.

Hence, the input noise within B.f; folds back into the first Nyquist zone during the
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Figure 2.3: Single path sub-sampling mixer.

down-conversion, as shown in Fig. 2.2. Thus, single-path sub-sampling mixers suffer from
inherent noise folding, leading to a high noise figure. On the contrary, the RF sampling-
based mixer translates the IF output to multiples of sampling frequency Fs, which is
comparable to By, thereby reducing the effect of noise folding at the desired IF output.
The amount of noise aliasing or the number of times noise folds back into the first Nyquist
zone depends on the ratio of Fs to fs, where Fjs is the RF sampling frequency, and fs is

the sub-sampling frequency.

The single-path switch-capacitor sub-sampling down-conversion mixer is shown in
Fig. 2.3. In sub-sampling, for a given frp, the sampling frequency is selected from Eq.
(2.2)[10], and the mixer output is generated at the odd integer multiples of fs/4, such as
3fs/4, 5fs/4, and 7fs/4. These harmonics at the IF are the frequency translations due
to the harmonics of sampling frequency(fs). Hence, IF harmonics other than the fg/4,
located nearer to the fs/4 must be sufficiently suppressed prior to further processing, such

as amplification, filtering and decimation.

4frF
s = R = 1, 2,
J 2k + 1 K 3
fre = min(|frr — nfs);n =0,1,2,3... (2.2)
= f5/4

The frequency response of the single path switch-capacitor mixer has a low pass
sinc response; hence, the mixer band limits the thermal noise before the signal sampling.
However, the images of the input thermal noise present within the B, fold into the first
Nyquist-band while sampling, as shown in Fig. 2.2. It means that wider B.;; captures
the noise in the higher Nyquist zones and folds into the first Nyquist band. Thus, the
unwanted harmonics and the sub-sampling noise folding degrade the SN R at the mixer

output and the degradation of SN Roy is given by Eq. (2.3)[46]. Therefore, for a selected
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Figure 2.4: Single path sub-sampling mixer IF output spectrum (a) for an frp =
940 MHz and f; of 752 MHz (k = 2), and (b) for an frr = 940 MHz and f, of 537
MHz (k = 3).

frE, as the f; decreases, the folding factor increases; this results in high noise folding into

the first Nyquist band and degrades the SN Ry;.

Psi nal Beff
NRy = g sm = fl —L 2.
SNRout Now & (m — D) Nows m = floor( 7. ) (2.3)

where, Pgignqr is the band-pass signal power, Ny, is the in-band noise power, Ny, is the

out-of-band noise power, floor(X) rounds the elements of X to the nearest integers towards

zero and m represents noise folding factor.

A sub-sampling switch-capacitor single path mixer is implemented in 1.2 V, 65 nm
CMOS, and Spectre RF simulations are performed. The IF output simulated spectrums
for an frp of 940 MHz and sampling frequencies of 752 MHz, 537 MHz are given in Fig.
2.4(a), Fig. 2.4(b) respectively. The noise figure of the sub-sampling mixer is calculated
from Eq. (2.4)[47] for an frp of 940 MHz and sampling frequency of 752 MHz is 7.5 dB.
Also, from the spectreRF PSS, PNOISE simulations, the noise figure is equal to 7.5 dB.
These results show that the switch-capacitor single path sub-sampling mixer noise figure

is high due to the inherent noise folding.

Ron) . Iio—oo |Hn(f]F)|2
R |Hy(f17)|?

where, R,, is the on-resistance of the MOS transistor of the mixer, R, is the source

Fu(fir)=(1+

(2.4)
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resistance, H,,(frr) is the harmonic transfer function (HTF) of the n** harmonic. H,,(frr)
is the HTF of the desired frequency conversion, and w = -1 for frp of 940 MHz and fs of
752 MHz.
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Figure 2.5: Four-path harmonic rejection sub-sampling mixer.

2.2.2 Harmonic Rejection Multi-Path Sub-Sampling Mixer

A multi-path mixer is a parallel combination of the single-path switch-capacitor mix-
ers excited by non-overlapping sampling clocks. It means that an N-path mixer has an N
single-path switch-capacitor mixers, and each mixer switch is excited by N non-overlapping
clock phases with a duty cycle of (100/N)%. In this work, a four-path mixer is employed,
each path has a duty cycle of 25%, and the non-overlapping clocking scheme is shown in
Fig. 2.5. In multi-path down-conversion, these non-overlapping clock phases introduce
an additional sign change in the Fourier coefficients of the clock, thereby exhibiting a
corresponding change in the amplitude of the harmonics at the mixer output. Therefore,
these outputs are subtracted to obtain the required harmonic rejection and quadrature

down-conversion in the manner explained below.

A single path sub-sampling down-conversion mixer output and the voltage at the

sampling capacitor Cy is denoted as Vip(t), given by Eq. (2.5).

anApp bpARrp

2

cos(Wrp — nws) —

V[F(t) = CLUVRF(t) + Z (

n=1

sin(wrp — nws)t)  (2.5)

where, Agp is the amplitude of the input RF signal, a,, and b,, are the Fourier co-effeicents

of the mixer sampling clock.

Similarly, the four-path sub-sampling down conversion mixer has four outputs, and

they are denoted by Vipi4(t), Viro+(t), Virr—(t) and Virpg—(t), shown in Fig. 2.5.
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The in-phase and quadrature-phase IF outputs are obtained by performing the operations

(Virr+(t) - Virr—(t)) and (Vipg+(t) - Virg—(t)) respectively.

These in-phase and quadrature outputs of the multi-path mixer after the harmonic

rejection is given by Eq. (2.6).

AgA
SCRE [ + cos(wrp — ws)t — sin(wrp — ws)t
7r (2.6)

1 1.
F gcos(wRF — Bws)t — gszn(wRF — 3ws)t + ]

Virrg(t) =

where Ag is the amplitude of the mixer sampling clock.

Frequency Plan

The Eq. (2.6) represents both the in-phase and quadrature outputs of the four-phase
down-conversion mixer after the harmonic rejection. However, the selection of sampling
frequency for a k value in Eq. (2.2) decides the rejection of particular harmonic(s). A
frequency plan to select the fs out of all possible k for a four-path sub-sampling mixer is

given by Eq. (2.7).

S 7 S P
LTk =1,2,569,10,.

firr/Q = (2.7)

3fs 5fs _
8 5k =34,7811,12,.

To verify the frequency plan, frequency domain simulations are performed on both the
single path sub-sampling mixer and four-path mixer for two sampling frequencies 752
MHz, and 537 MHz for k = 2, 3, respectively, for an input RF frequency of 940 MHz. The
frequency spectrum of the single path mixer contains all the harmonics for both sampling
frequencies for k = 2, 3 as shown in Fig. 2.4(a). On the other hand, the four-path mixer
rejects the IF harmonics 3f;/4 and 5f,/4 for k = 2, as shown in Fig. 2.6(a), and the
fundamental at fs/4 and IF harmonics 7f;/4 are rejected for k = 3, as shown in Fig.
2.6(b).

Therefore, the proposed frequency plan of Eq. (2.7) gives the location of IF harmon-
ics after harmonic rejection for all possible k values of fs. In the case of a single path
sub-sampling down-conversion mixer, all the IF frequencies present at the mixer output,
hence, the harmonic blockers present at IF harmonic frequencies 3 fs/4, 5fs/4 degrade the
performance in terms of linearity and noise figure. However, the proposed harmonic re-

jection multi-path sub-sampling down-conversion mixer rejects the odd harmonics 3 fs/4,
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Figure 2.6: Four path mixer IF output spectrum (a) for an frp of 940 MHz and f;
of 752 MHz (k = 2), and (b) for an frp of 940 MHz and f; of 537 MHz (k = 3).

5fs/4 and hence it has better linearity and noise figure. The next IF harmonic present is

far from f,/4, that is at 7f/4, which is separated by 1.5 f.

2.2.3 Conversion Gain

The conversion gain of the down-conversion mixer is defined as the ratio of the output
IF signal voltage to the input RF signal voltage. The single-path switch-capacitor mixer
consists of the tracking output and holding outputs depending on the clock. In addition,
the output spectrum of a switch-capacitor sampling mixer is a summation of the number
of frequency-translated and filtered input spectra, and the equation for mixer output is

given by Eq. (2.8)[48].

Vir (fir) = Y Hy(fir) Ver (frr — nfs) (2.8)

n=—oo

where fs is the mixer sampling frequency, H,(f;r) are the harmonic transfer func-
tions(HTFs) for nt" harmonic, and frp is the IF frequency at the output of the mixer,

and frp is the input RF frequency.

Therefore, the HTF at n'® harmonic represents the conversion gain of the mixer

for the corresponding nfs; down-conversion. Harmonic transfer function (HTF) for the
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sampling mixer is given by Eq. (2.9)[47].
1

Ho(f1p) & ———|D - sine(Dn) - e=970"
1 +jf”‘:
- 2.9
sine((1 — )fIF) D) - (2.9)
+(1—D)X N g ( IFe]ﬂ.n
1+ ’fF'j"

where fip = fir/fs, fle = Berf/fs and Bepr = 1/20RC, R is the sum of switch on
resistance R,, and source resistance R;. For an frp of 940 MHz and fs of 752 MHz the
required down-converted IF is at fs/4 of 188 MHz. For n = -1, and the duty cycle (D)
= 25%, the value of HTF is 878 m(V/V). The HTF for n = -1 is the conversion gain
at fs/4, which is equal to -1.1 dB. Similarly, the conversion gain equation of a four-path
mixer is also derived from the single-path mixer conversion gain equation by considering
the respective phase shifts in the sampling clock of each path. After performing the
operations (Vip 14 (t) - Vipr—(t)) and (Virg+(t) - Virg—(t)) respectively, the conversion
gain Hp4p of the four-path mixer becomes 2H,, for n =1,3,5,-- given by Eq. (2.10).

Hn(fIF), n= 173>57"

Hyap(frr) = (2.10)
0, n=246,"
18 18
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Figure 2.7: RF front-end conversion gain (a) for an f, of 688 MHz and frr of 860
MHz and (b) for an f; of 752 MHz and frr of 940 MHz.

In the proposed sub-sampling mixer-first RF front-end, the M-phase switch-capacitor
bandpass filter is connected in shunt at the input of IF-LNA as shown in Fig. 1.10. The
noise-cancelling inverter-based resistive feedback LNA is designed to provide a gain of 17

dB, and the estimated conversion gain of the front-end is 16.5 dB. To verify the conversion
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gain of the proposed sub-sampling mixer-first RF front-end, spectreRF simulations PSS
and PXF are performed for the example LR-WN standard front-end at an RF frequency of
860 MHz, sampling frequency of 688 MHz. The simulated conversion gain of the front-end
is 16.5 dB, shown in Fig. 2.7(a). Similarly, the conversion gain at an RF frequency of
940 MHz and for the sampling frequency of 752 MHz is equal to 16.5 dB as shown in Fig.
2.7(b).

2.2.4 Noise Figure

The output noise power density of a single path sampling mixer is equal to the

conversion gain times of the input noise power density, given by Eq. (2.11)[47].

Nip (fir) = Y |Ho (f1r)]° Nar (fre —nfs) (2.11)

n=—00
where N;p, Nrp: noise power spectral density of the mixer at the output and input,
respectively. Eq. (2.11) accounts for circuit-added noise from R,, and noise folding from
all the harmonics present at the IF. It means that the single-path mixer suffers from a high
noise figure. On the other hand, the HTF of the four-path mixer, given by Eq. (2.10),
shows that the HTF's of rejected harmonics become zero, and the required harmonic gets
amplified by two. Therefore, the improved conversion gain leads to a 3 dB decrease in
the noise figure of the four-path mixer compared to a single-path mixer. The noise factor
of the proposed four-path sub-sampling is obtained by substituting the Eq. (2.10) in Eq.
(2.4), and it is given by Eq. (2.12).

Ron) ) :L_iofoo‘Hn‘lp(fIF)’Q
R, | Hypap(1F)]?

Fuap(IF) = (1 + (2.12)

where Hyp(frr) is the conversion gain of the desired IF after harmonic rejection.

To verify the analysis presented above, PSS and PNOISE simulations are performed
for an fs of 752 MHz, which results in a noise figure of 4.5 dB for the four-path sub-
sampling mixer, whereas it is 7.5 dB for single path mixer. Thus, it is concluded that the
multi-path implementation improved the noise figure by 3 dB for all the possible sampling
frequencies down-converts down-conversion to fs/4, shown in Fig. 2.8. In addition, this
switch-capacitor multi-path sub-sampling mixer implementation is re-configurable by the

sampling frequency fs. The total noise figure of the RF front-end, including the LNA and
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Figure 2.8: Noise figure of a single path and four path mixer for different sampling

frequencies for frr = 940 MHz.

switch-capacitor filter, is 6.5 dB at an f; of 752 MHz.

2.2.5 Linearity

The linearity of the proposed mixer-first sub-sampling RF front-end architecture is
investigated by a two-tone test. Spectre RF QPSS and QPAC simulations are performed
at the LR-WN standard frequencies of 941 MHz, 951 MHz and for a sampling frequency
of 752 MHz resulting in an IIP3 of +10 dBm. In addition, the P1dB performance of the
proposed sub-sampling is investigated by performing compression test for an frpr of 940
MHz and fs of 752 MHz and for an frpr of 860 MHz and fs of 688 MHz, resulting a P1dB
of +0.3 dBm, -0.3 dBm, respectively, shown Fig. 2.10(a), (b).

2.2.6 Harmonic Rejection in the Presence of Mismatches

The amount of harmonic rejection is defined as the ratio of the amplitude of the
3fs/4 harmonic after rejection to the fs/4 amplitude. The harmonic down-conversion to
3fs/4 gets perfectly rejected if there are no mismatches in each path of the multi-path
mixer and there is no overlapping between the non-overlapping clock. However, it is diffi-
cult to achieve 100% matching between switch-on resistance and sampling capacitance in
the layout implementation leading the degradation in the harmonic rejection. To quan-

tify the harmonic rejection, mismatches in the switch on resistance(AR,,) and sampling
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Figure 2.9: I1P3 of the proposed RF front-end for an frr of 860 MHz, the second
tone is at a 10 MHz offset and f; of 688 MHz

capacitance(AC) are introduced in the harmonic transfer function (HTF) of each path.
For 1% mismatch, the achievable harmonic rejection is 50 dB, and it is degraded by approx.
30 dB for a mismatch of £ 25 % of AR,, and AC, shown in Fig. 2.11. In addition, to
generate precise 25% duty cycle non-overlapping clock phases, a D-latch-based frequency
divider with division factor two is used as given in [13]. However, to estimate the degra-
dation of harmonic rejection, a 2% of phase overlap is introduced in the clock phases, and

it is found that the harmonic rejection deteriorated by less than 2 dB.

2.3 A Scheme for Sub-Sampling Mixer-First RF Front-End Input
Impedance Matching

The multi-path switch-capacitor mixer transparency facilitates tunable impedance
matching at the RF port by varying IF port impedance without any additional matching
network at the input[13]. In an N-path mixer topology, each switch is clocked by a (1/N)%
duty cycle clock of frequency fs. In one period of 1/fs, the input port sees all the N
impedances present at the output, which means the IF port impedance gets frequency
translated to fs; at the RF port. Therefore, by exploiting this property, it is possible
to match the input impedance of a direct down-conversion receiver to the required 50
Q) impedance since frr ~ fs. On the other hand, the sampling frequency fs < frr
for the sub-sampling down conversion mixer, therefore, the input impedance matching is

tuned to fs, not to the required frr. To address this issue, this work proposes an IF-stage
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Figure 2.10: P1dB of the RF front-end (a) for an f; of 688 MHz and frr of 860
MHz and (b) for an f of 752 MHz and frp of 940 MHz.
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Figure 2.11: Harmonic rejection versus mismatches

impedance matching scheme using a combination of an M-phase switch-capacitor filter and
IF-LNA, shown in Fig. 2.12. The M-phase filter provides frequency-shifted impedance at
f1r, such that the mixer translates the IF impedance to frr (= fs+frr) at the RF port.

An TF-LNA provides the required tuning impedance to match the RF port impedance to
50 Q.

2.3.1 Input Impedance of M-phase Switch-Capacitor Filter and IF-LNA

The proposed IF stage impedance scheme includes M-phase switch-capacitor filter and

IF-LNA, shown in Fig. 2.12. The switch-capacitor filter consists of M identical capacitors
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Figure 2.12: Different building blocks of the RF front-end and their circuit topolo-
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surement buffer along with (e) impedance matching scheme and (f) clocking scheme

and 2M identical switches. These 2M MOS switches are connected to M capacitors as
shown in Fig. 2.12. Each M-phase filter switch is excited by (1/M) duty cycle non-
overlapping LOs at a frequency frr. Hence, the filter input sees two of the M capacitors
over a (1/M)" of the period. This way, the filter impedance sees all the M-capacitors
over 1/ frp time, leading to frequency translation of low-Q impedance to a high-Q band-
pass impedance centred at the frequency f;r. It means that the capacitive impedance
Zc frequency translated to Ziy firer(wrr) at the input of the filter, and it is given by Eq.
(2.13) [49].

Zin,filter<w) = 2st +2M Z \a(2n+1)]2Zc(w — (2n + 1)w]F) (2.13)

n=-—00
where the coefficient ay, is defined as a; = Msinc(%). e:z‘p(—j%r), Ry, is the transistor on
resistance of the filter, Z¢ is the impedance of the capacitor at the frequency (w — (2n +

1)wrr) for n = 0, and M represents the number of paths in the filter.

The analytical and simulated input impedance of the filter is shown in Fig. 2.13,
and it is equal to 1.1 kQQ at frp frequency. Hence to match the RF port to 50 2 antenna
impedance, an inverter-based resistive feedback noise cancelling low noise amplifier is

employed as shown in Fig. 2.12. The resistive feedback provides the required impedance

Rinina.
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Figure 2.13: Input impedance of the IF stage switch-capacitor filter for 188 MHz

sampling frequency.

2.3.2 Input Impedance of the Sub-Sampling RF Front-End

The input impedance Z;,(wrr) of the proposed sub-sampling mixer-first RF front-

end is given by Eq. (2.14) [13].

1
jwirCr
V(Zin, fitter (wiF) | Rin,Lna) || Rsh
1+ jwirCh (Y(Zin, fitter Wrr) | Rin,Lva) || Ron)

Zm(WRF) = Ron + (’YZin(wIF)HRsh)H( )

(2.14)

:Ron +

where Z;,(wrr) = (meilter(w[F)H Rm,LNA), Zin, filter(wrr) is the input impedance of the
M-phase filter given by Eq. (2.13), Rin Ly 4 is the IF-LNA input impedance, and (= %)
accounts the linear time-invariant nature of the mixer, Ry, represents power lost due to

up-conversion by harmonics of the sampling clock through the switches to the antenna.

From Eq. (2.13), the impedance seen at the input of the filter at an frp of 188
MHz is 1.1 K. In addition, the required IF stage impedance to match the 50 ) antenna
impedance is also calculated using Eq. (2.14) and realized by an IF-LNA, which is 70
Q. To verify the proposed impedance matching scheme, the proposed RF front-end is
implemented in 1.2 V, 65 nm CMOS and the Spectre RF PSS and PSP simulations are
performed for both the 860 MHz and 940 MHz bands. As shown in Fig. 2.14, the input

impedance of the sub-sampling mixer-first RF front-end is matched to 50 €2 for both bands.
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Figure 2.14: The input impedance of the sub-sampling mixer first RF front-end for
an frr of 860 MHz and f, of 688 MHz, showing the (a) real part and (b) imaginary
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2.3.3 Zm(wlp) versus CH

The input impedance given by Eq. (2.14) contains two parts: first part contains Ry,

and second part contains R, Z;, (wrp) and ij; o Where, R, is the on-resistance of the

mixer switch, Ry is the modelled shunt impedance, the Z;,(wyr) is the tunable IF-stage

impedance and ij;CH is the capacitive reactance of mixer capacitor C'y. Out of three

impedances, Ry, a constant for a four-path passive mixer and equals to 4.3(Rs + Ron)[13].

Hence, the range of input impedance of the mixer depends on the parallel combination
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of the two impedances, i.e., Z;, (wrr) and m Generally, in the direct down-conversion
mixer-first receiver, the range of input impedance is obtained by tuning the IF stage
impedance, Z;,(wsr), since the capacitive reactance is high. However, in the case of
non-zero-IF down-conversion capacitive reactance also comes parallel to the Z;,(wrp).
Therefore, for the proposed RF front-end, the range of input impedance is obtained by

varying one of the two, either Z;,(wrr) or at a time while keeping one of them to

1
JwirChH
high impedance. Initially, the range of input impedance is obtained by varying Z;,(wrr)
from 1-100 k2 while keeping frr and C'y constant at 188 MHz and 0.1 pF. This analysis

shows that the mixer transparency provides a tunable impedance match with the lower

limit equal to Ry, and the upper limit is R,, + Rs; as shown in Fig. 2.15(a). However,

1
JwirCh

as explained above, to find the effect of on input impedance, the Cpy is set to
4 pF which resulted in a reduced upper limit as shown in Fig. 2.15(a). To identify
the upper limit of the input impedance, Z;,(wsr) versus Cp analysis is performed by
varying C'y from 0.01-100 pF using Eq. (2.14) for an frp of 188 MHz, Z;,(wrr) of 100
k. The input impedance obtained from this analysis is shown in Fig. 2.15(b). The
input impedance ranges from 5 Q to 240 Q, and it is greater than 50 Q for Cy <11 pF.
Hence, in the proposed scheme, selecting a sampling capacitor of less than or equal to 11
pF facilitates 50 €2 matching by varying IF stage impedance. This analysis shows that

selecting a suitable Cy is essential in realizing input impedance matching for non-zero-IF

down-conversion mixers.

240F 240
180 180 -
g g
£120 & 1201
8 8
S £
N 60f N 60}
0 L L 0 2 L ; 1 5 I - )
10° 10" 10> 10° 10* 10° 10° 10 10 10 10
Zin(®p)(Q) CH(pF)
(a) (b)

Figure 2.15: Input impedance of the front-end from Eq. (2.14)(a) |Z;n(wgrr)| for
varying IF stage impedance |Z;,(wrr)|, (b)|Zin(wrr)| for varying Ch.
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Modulated Down-conversion

X IF-LNA
RF source Mixer
E fir=188 MHz
oL O Output

fre = 940 MHz Port

7 </ .

IF filter
~=
fs=752 MHz

Figure 2.16: Block diagram of the proposed sub-sampling mixer-first RF front-end
for EVM simulation.

Table 2.2: Block-level specification of the proposed receiver RF front-end for system-level

EVM simulation

Parameter Mixer | IF-LNA | IF filter
Noise Figure(dB) 4 1.8 to 10 NA
Gain(dB) -1.1 6 to 18 -0.6
[IP3(dBm) +16 -1to 3 NA

2.4 System Level Error Vector Magnitude(EVM) performance

The system-level error vector magnitude(EVM) simulations are performed for the
RF front-end by using Genesys model shown in Fig. 2.16 for the block-level specifications

given in Table. 2.2.

The RF front-end model consists of a down-conversion mixer, IF stage switch-
capacitor filter, and IF LNA. The input to the mixer is an M-array-based RF modulated
16-QAM source. The simulated EVM at the output of the LNA is shown in Fig. 2.17. The
EVM is limited by the noise at low input signal powers and the RF front-end linearity at
the higher input signal power levels. In addition, the EVM of the receiver is also verified
for three gain settings of IF-LNA from 6 to 18 dB with a sampling clock jitter of 600 fs.
The target EVM of -30 dB is achieved for an input signal power range from -80 to 0 dBm
as shown in Fig. 2.17.
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Figure 2.17: System level EVM of the complete RF front-end for varying input
power levels and gain of the IF-LNA.

Table 2.3: Performance summary of the proposed RF front-end

Impedance
Sampling Scheme | Architecture Supply(V) | Area(mm?)
matching w/o LNA
Sub-sampling Mixer-first Yes 1.2/2.5 0.32
frr(GHz) | f,(GHz) NF(dB) BW(MHz) [1P;(dBm) Gain(dB) Power(mW)
VA s VA C 1Hz E m aln
e ' ’ Mixer +filter | LO | IF/BB
0.4-1 0.32-0.8 6.5-8 50 +10 16 0.4 6-12.6 23

2.5 Conclusion

An architecture for process scalable low noise figure impedance matched sub-sampling
mixer-first RF front-end is presented, and the performance summary is given in Table.
2.3. It has been demonstrated the feasibility of such an architecture through analytical
equations and by spectre RF simulations addressing the core issues such as high noise
figure and lack of impedance matching as needed in mixer-first RF front-end with an
example low power RF front-end in 1.2 V, 65 nm CMOS for wideband operation from
0.4-1 GHz, specifically for two bands at frp of 860 MHz and 940 MHz.

However, the proposed sub-sampling RF front-end is a non zero-IF kind and hence
needs an additional IF-stage impedance scheme for achieving impedance matching since
the sampling frequency is not an integer multiple of fs;. Therefore, to achieve impedance
matching without an additional network at RF or IF /BB a presents the digitally intensive
sub-sampling mixer-first direct down-conversion RF front-end is proposed and the idea is

presented in Chapter 3.
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Chapter 3

Digitally Intensive Sub-Sampling Mixer-First Direct
Down-Conversion RF Font-End

This chapter presents the proposed digitally intensive sub-sampling mixer-first di-
rect down-conversion RF front-end architecture. Section 3.1 explains the introduction of
the sub-sampling direct down-conversion receiver, including the trade-off between power
consumption versus operating frequency of the clock generation circuits based on the re-
cently published architectures. Section 3.2 explains the scheme of sub-sampling direct
down-conversion eight-path mixer implementation, and the performance analysis of the
proposed RF front-end is also presented as explained in Section 1.5.2. Section 3.3 presents
the impedance matching scheme for sub-sampling mixer-first direct down-conversion re-
ceiver architecture and noise figure, conversion gain and I7P;. The EVM analysis of the

proposed RF front-end is presented in Section 3.4, and Section 3.5 concludes the chapter.

3.1 Sub-sampling Direct Down-conversion Mixer-First RF Front-End

Architecture

This section presents the sub-sampling down-conversion low power paradigm and the
architecture of the proposed quarter-rate sub-sampling direct down-conversion mixer-first
RF front-end. In addition, the frequency plan, eight-path sub-sampling direct down-
conversion mixer, and harmonic recombination schemes are explained. Moreover, the
performance analysis of the proposed RF front-end in terms of conversion gain, noise

figure, and linearity is presented.

3.1.1 Sub-Sampling Down-Conversion: A Low-Power Paradigm

The advancements in the technology scaling improved the switching performance of
the transistor; hence, the switch-capacitor RF front-ends circuits, such as passive N-path

mixers and N-path filters, offer re-configurable operation over a wide frequency range.
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Architecture

However, extending the operation to higher RF frequencies leads to an increase in the
overall power budget of the receiver due to the rapid increase in power consumption
of the frequency synthesizer, non-overlapping multi-phase clock generation and distribu-
tion circuitry. Sampling-based N-path receivers [10, 12, 32-35] employ clock dividers to
generate precise multi-phase non-overlapping clocks. These dividers require a clock fre-
quency of N fs/2 for generating non-overlapping clocks with a frequency, fs. Therefore,
the power consumption of multi-phase non-overlapping clock generation and distribution

in RF sampling-based receivers is no longer negligible, as shown in Fig. 3.1.

The power consumption of the clocking circuit surpasses the receiver chain power
consumption as the operating frequency increases[10, 12, 32-35]; hence, it limits the fre-
quency range of operation. On the other hand, implementing the down-conversion using
a sub-sampling mixer requires a sampling frequency less than the input RF frequency,
hence offering a solution to the power consumption issue[10]. Supporting this statement,
Fig. 2.1(b) shows the power consumption of frequency generation circuits with respect to
the operating RF frequency[36-43]. It is evident from Fig. 2.1(b) that as the sampling
frequency of a mixer reduces, the power consumption of the clocking circuitry reduces

significantly.
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Figure 3.1: Power consumption of the non-overlapping clock generation circuits

In addition, a recent work[3] on lower power bounds for clock generation circuits also
emphasized the impact of increased power consumption at higher operating frequencies
of wireless and wireline communication systems. The voltage-controlled oscillator (VCO)
power consumption grows with the square of the clock frequency, fs, specifically, the
Pyco o< f2. This trend of increased power consumption makes it challenging to design

clock generation at a higher frequency of operation for low-power applications. How-
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3.2.  Quarter-Rate Sub-Sampling Direct Down-Conversion Architecture

ever, sub-sampling down-conversion requires a sampling frequency less than the input RF

frequency, reducing the clock generation’s power budget.

Pyco,rr x fipp = [frp (3.1a)
2 Afrr
Pyco,ss x fiss = Y (3.1b)
2 frr \?
Pvco,qrss x fsqrss = 2%+ 1 (3.1¢)

For a given frp, the power consumption of VCOs for the RF sampling
down-conversion(Pyco,rF), sub-sampling  (Pyco,ss) and quarter-rate  sub-
sampling(Pyco,grss) is given by Eq. (3.1a), (3.1b), and (3.1c), respectively. The
ratio of power consumption of the VCOs for both the sub-sampling down-conversion
techniques is normalized with the Pyco rr and shown in Fig. 3.2. For a given RF,
compared with the RF sampling, the sub-sampling down-conversion technique and
quarter-rate sub-sampling technique save the power of the VCO by more than 36% and
89%, respectively. Therefore, sub-sampling down-conversion receiver architectures offer a

solution to reduce the power budget of the clock generation and distribution circuits.
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Figure 3.2: Comparison of VCO power consumption with respect to RF sampling,

sub-sampling, and quarter-rate sub-sampling

3.2 Quarter-Rate Sub-Sampling Direct Down-Conversion Architecture

The block diagram of the proposed quarter-rate sub-sampling mixer-first receiver RF
front-end architecture is shown in Fig. 3.3. The major contributions of the proposed work

are one, sub-sampling direct down-conversion eight-path mixer scheme and two, impedance
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Figure 3.3: Block diagram of the proposed quarter-rate sub-sampling direct down-

conversion mixer-first REF front-end

matching at the RF front-end of the mixer, using the third harmonic of the sampling fre-
quency (fs). The RF front-end employs an eight-path quarter-rate sub-sampling direct
down-conversion mixer, which translates the input RF signal to a zero-IF. The translated
baseband signal gets amplified by the baseband low noise amplifiers (BBLNA’s). In ad-
dition, the BBLNA provides the required base-band impedance, which is translated to
the RF port of the mixer to match 50 Q antenna impedance. The BBLNA outputs are
further amplified and duplicated by g,,-cells. The g,,-cell outputs are recombined to ob-
tain the third harmonic quadrature down-conversion and to attenuate the fundamental
and fifth harmonic down-conversions. The major blocks of the proposed RF front-end are
implemented with process scalable components such as switches, capacitors and inverters,

making the RF front-end a digitally intensive architecture.

3.2.1 Frequency Plan

In sub-sampling down-conversion, for a given input RF signal with frequency frr,
the sampling frequency Fy is selected from Eq. (3.2a), and the IF outputs are generated
at odd harmonics of Fs/4[7].

_ Afrr k=0,1,2,3...
2k +1 (3.2&)

f]F = Hlin(|fRF - nFSD = Fs/4

S

46



3.2.  Quarter-Rate Sub-Sampling Direct Down-Conversion Architecture

[rF
fs = Fs/4 =

BB = frRF —nfs;n=1,3,5...

As explained in Section 2.2, a single-path switch-capacitor mixer, shown in Fig.
3.4(a), serves the purpose of sub-sampling down-conversion; however, it has a high noise
figure, does not provide quadrature direct down-conversion and impedance matching[9].
On the other hand, an N-path sub-sampling down-conversion mixer approach using Fj
offers a low noise figure, quadrature down-conversion and impedance matching[28]. How-
ever, the down-conversion is to a non-zero IF, and the effective sampling frequency, fs s
of the N-path approach increases to NF,. Therefore, to reduce the effective sampling
frequency of N-path implementation and to achieve direct down-conversion to zero-IF,
this work employs an eight-path mixer with the third harmonic of the quarter-rate sub-
sampling frequency, fs given by Eq. (3.2b). Where, fpp is baseband frequency, frp is
intermediate frequency, and n represents the harmonic of f;. Thus, the proposed archi-
tecture deploys a unique sub-sampling scheme compared to RF sampling for realizing the

direct down-conversion and saving on the clocking circuitry power consumption.

Vb,

- ngb,1
Vib,0

Figure 3.4: (a) Single path switch-capacitor mixer, (b) eight path sub-sampling
mixer and non-overlapping clocking scheme with 12.5% duty cycle[29]

3.2.2 Eight-Path Direct Down-Conversion Mixer and Harmonic Recom-

bination Scheme

The eight-path switch-capacitor sub-sampling mixer is shown in Fig. 3.4(b). Each
path of the mixer is excited by quarter-rate sub-sampling frequency, fs with 12.5% duty-
cycle non-overlapping clocks, Spe to S3150. The down-converted baseband output voltage

on the capacitor of m*” path of the mixer is denoted by Vib,m and it is calculated by solving
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the charge balance equation given by Eq. (3.3)[50].

Qm

Vibm (m+1)/8fs=1/16fs Vo — -
bb, / rE — Vobm 5, (3.3)

~ fsx R Jmsp1/161 Rsw

The solution for Vi, ,, for Vrp = A cos (wrrt + ¢) is given by Eq. (3.4), where

wrr =nws and n=1,3,5,

(Rpp + 8R.)

where R, = (Rs + Rsy), Rs is the antenna impedance, R, is the on-resistance of the

sinc(%)A cos (25 + 0) (3.4)

%b,m = 4

switch, and Rpp is the real component of base-band stage input impedance.

15t Harmonic (l) 34 Harmonic (1) 5th Harmonic (1)
Vbb,2 Vbb,6 Vbb,2
Vbb,3 Vb1 Vb1 Vib,3 Vbb,7 Vbb,s
Vib,a Vbbo  Vbba Vibbo  Vbba Vbb,0
Vbb,5 Vbb,7 Vbb,7 Vbb,s Vbb,1 Vbb,3
Vbb,6 Vbb,2 Vbb,6
15t Harmonic (Q) 34 Harmonic (Q) 5th Harmonic (Q)
Vbb,2 Vbb,6 Vib,2
Vbb,3 Vbb,1 Vbb,1 Vbb,3 Vbb,7 Vbb,s
Vbb,a Vibbo  Vbba Vibbo  Vbba Vib,0
Vbb,s Vbb,7 Vbb,7 Vbb,s Vbb,1 Vbb,3
Vbb,6 Vbb,2 Vbb,6

Figure 3.5: Vector representation of the baseband voltages of the eight-path mixer

with respect to fundamental, 3" and 5 harmonics of the sampling frequency, f;

The eight-path mixer output voltages Vi, o to Vi, 7 are obtained by substituting the
phase of the corresponding sampling clock in Eq. (3.4). The resultant baseband output
voltages experience a phase shift of (n x 360/N)°, where N = 8. It means that the
eight baseband voltages corresponding to the fundamental, third and fifth harmonics of f,
experience a phase shift 45°, 135° and 225°, respectively, as shown in Fig. 3.5. Therefore,
to obtain the quadrature outputs for third harmonic down-conversion, Vi, o to Vi 7 are
recombined as given in Eq. (3.5a) with uniform-weighing gain. The resultant simplified I
and Q output expressions are given by Eq. (3.5b), for the direct down-conversion of the

RF signal present at the third harmonic of f; to the zero-IF.
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Figure 3.6: Proposed RF front-end (a) time domain output waveforms, and (b) in-

phase output spectrum for an frpr of 1490 MHz, f; of 490 MHz

Vi = Viwo + Vins + Vins) — (Vi1 + Vipa + Vi)

(3.5a)
Vo = (Vb + Vinz + Vine) — Vinz + Vins + Vin7)
Vi = 5,4[(2 + 2V/2)cosd]
3 (3.5b)
K
Vo=—5AlC2+ 2v/2)sing)
KA[(2 — 2v/2)cos¢],n = 1 \
V=
%A[(Q +2v/2)cosg),n = 5
(3.5¢)
KA[(2 —2V?2)sing],n = 1
Vo =
EA[(2+2v2)sing],n = 5

Vg

where, K = %%Tég. To verify the proposed quarter-rate sub-sampling direct down-

conversion scheme, time domain simulations are performed, for an frp of 1490 MHz and f;
of 490 MHz. The time domain differential quadrature base-band outputs and the frequency
spectrum of the in-phase outputs are shown in Fig. 3.6(a) and Fig. 3.6(b) respectively.
The frequency spectrum contains desired down-converted base-band output, frr — 3fs at
20 MHz and down-conversions from the fundamental and fifth harmonic of f; at 1 GHz

and 960 MHz, respectively as shown in Fig. 3.7(a).
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3.2.3 Conversion Gain

In the proposed quarter-rate sub-sampling direct down-conversion scheme, the down-
conversion is implemented by the third harmonic of f; hence, the conversion gain of the
RF front-end is defined as the ratio of the amplitude of the signal down-converted to zero-
IF to the RF signal amplitude at the 3f;. However, in addition to 3fs, it is important
to know the conversion gain of the front-end for blockers present at the fundamental,
fs and fifth harmonic, 5f;, as these blockers are down-converted to zero-IF as shown

in Fig. 3.7(b). This is quantified by Y. using the Eq. (3.5b), and (3.5¢), gives

VijQs

the magnitude of rejection of the blockers at fs or 5fs; with respect to the desired third
harmonic down-conversion. The magnitude of the attenuation for the fundamental f;, to
third harmonic 3fs, is 12.5 dB, and for the fifth harmonic, 5f; to third harmonic, 3f;
is 5 dB. However, the blockers present at the fundamental and fifth harmonic of fs are
well separated with respect to 3fs, and they are already attenuated sufficiently by the

front-end RF filters usually available in a practical RF system.

Pl P d \“~§~ fRF - 3fs
| > x 1 T f = = } * \* = fsigz # fs;5fs

frr fo 3fc 5fc  |fae- 3| |fap-5f||fae—fs|
(a)
BT LT LIl L 1Oy
TATATN e <A fsigr = fs
fsig2 = 3fs
p ¢ = > fsig3 = 5fs
fsigt fsig2 Tsiga fs 3fs 5f fob1=Fon2=Fop3

(b)

Figure 3.7: Harmonic down-conversion of the mixer (a) for signal present at the 3"
harmonic of the sampling frequency, fs, (b) for signal present at the corresponding

harmonic of the sampling frequency, f

In the proposed quarter-rate sub-sampling RF front-end, BBLNA, g,,,- cell and eight-
path switch-capacitor mixer provides a voltage gain of 16 dB, 6.5 dB and -0.5 dB, respec-
tively. To verify the conversion gain of the proposed quarter-rate sub-sampling mixer-first

RF front-end, spectreRF simulations PSS and PXF are performed for an frr of 1470 MHz
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and fs of 490 MHz and for the harmonic scheme shown in Fig. 3.7(a). The simulation
result shows that the conversion gain of the RF front-end for the 3fs is 22 dB as shown
in Fig. 3.8.
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Figure 3.8: Conversion gain of the RF front-end for an frp of 1470 MHz and f, of
490 MHz

3.2.4 Noise Figure

The equivalent noise model of the proposed RF front-end is shown in Fig. 3.9. The
RF front-end contains the following major sources of noise: noise due to the resistance of
the MOS switch, R, baseband stage noise including baseband stage resistance, Rgp and
gm-cell. The noise figure of the RF front-end for n** harmonic down-conversion is given

by Eq. (3.6), which is derived based on LTV analysis given in [51, 52].

st 'UE )

n,Rsw sw
®—"
-\
R, Rgp
VU“n.RBB

Figure 3.9: Equivalent noise model of the proposed RF front-end
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Rew NR,
NF =11
(n) SmCQ(%T)( "R, T Rpp(1+ A}

2 2 2
R U BBLNA v
(1+ Sw + n, : + : n,gm
an,Rs N”n,RsAv,BBLNA

where N is the number of mixer paths. vfl r., and U?L R.. are noise contributions
£ S k) Sw

from the source resistance, Ry and switch resistance, Rgy. v%, BBLNA and v?%gm are in-
put referred noise of the BBLNA and gm-cell, respectively. Rpp is the baseband stage
impedance, and A; is the voltage gain of the first stage of BBLNA.

The noise figure of the RF front-end, given by Eq. (3.6), shows that the noise fig-
ure increases at higher harmonics of sampling frequency fs, even though it requires a
low sampling frequency and reduces the clocking circuitry’s power consumption. On the
other hand, increasing the number of paths in an N-path mixing scheme offers a low
noise figure for a selected harmonic down-conversion. It means that for a selected har-
monic down-conversion, the eight-path mixer offers a lower noise figure than the 4-path
mixer. Therefore, an eight-path mixer with quarter-rate sub-sampling third harmonic

down-conversion is implemented in this work.

The noise figure of the proposed RF front-end is obtained for a R, of 10 Q, Rpp of

250 Q, Ay BBrNna of 16 dB, 1)721 LN of0.70V /v Hz and U?l,gm of 1.4 nV /v Hz using Eq.

(3.6). The obtained DSB noise figure of the RF front-end is 4.2 dB for the third harmonic

down-conversion.

To verify the noise analysis presented above, spectreRF PSS and PSP simulations
are performed for the proposed quarter-rate sub-sampling mixer-first RF front-end. The
spectreRF simulation results show that the RF front-end, including an eight-path mixer,
BBLNAs and gp,-cells has a DSB noise figure of 4.6 dB, for an frpr of 1.47 GHz and
an fs of 490 MHz. From this analysis, it is evident that the quarter-rate sub-sampling

architecture achieves a noise figure comparable with the RF sampling front-end.

3.2.5 Linearity and Power Consumption

SpectreRF QPSS and QPAC simulations are performed to estimate the in-band TIP3

(IB-IIP3) of the quarter-rate sub-sampling direct down-conversion RF front-end for two
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input tones at 1.47 GHz and 1.471 GHz with 1 MHz offset, and sampling frequency of
490 MHz. The resultant IIP3 of the proposed sub-sampling zero-IF receiver is -1 dBm,
shown in Fig. 3.10. In addition, the P1dB performance of the proposed sub-sampling is
investigated by performing compression test for an frr of 1470 MHz and fs of 490 MHz
and for an frp of 940 MHz and f, of 313.3 MHz, resulting a P1dB of -15 dBm, -15 dBm,
respectively, shown Fig. 3.11(a), (b). In this work, the linearity of the BBLNA is optimized
to provide a -1 dBm IIP3, which has increased the power consumption of BBLNA to 23
mW at 1.2 V supply. The detailed analysis of LNA performance optimization is provided
in Section 4.1.1.3.

Output Power(dBm)

-40 -30 -20 -10 0
Input Power(dBm)

-120
-50

Figure 3.10: TIP3 of the proposed RF front-end for an fgrr of 1470 MHz, the second
tone is at a 10 MHz offset and f; of 490 MHz
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Figure 3.11: P1dB of the RF front-end (a) for an f, of 313.3 MHz and frr of 940
MHz and (b) for an f; of 490 MHz and fgr of 1472 MHz.
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Figure 3.12: Impedance translation for (a) RF sampling zero-IF down-conversion,
(b) sub-sampling non-zero-IF down-conversion, and (c) proposed sub-sampling zero-

IF down-conversion

3.3 Impedance Matching Scheme

In a switch-capacitor mixer-first receiver, the passive mixer transparency facilitates
the input impedance matching by frequency translating the baseband stage impedance to
the RF port of the mixer[50]. In RF sampling down-conversion, each switching path of
the N-path mixer conducts for " of the sampling period 1/f,;. Hence, the RF port sees
baseband impedance at every instance of the sampling period, and it gets up-converted
to the sampling frequency fs at the RF port, as shown in Fig. 3.12(a). However, for
the sub-sampling down-conversion, f; is less than frp. Therefore, an additional IF stage
matching scheme is required to translate the impedance to the RF port of the mixer|[28]
as shown in Fig. 3.12(b). On the other hand, employing the proposed sub-sampling
down-conversion scheme translates baseband impedance to frr using the third harmonic
of quarter-rate sub-sampling frequency as shown in Fig. 3.12(c). Therefore, the proposed
scheme eliminates the need for an additional IF-stage impedance matching network for

sub-sampling down-conversion receivers.

The equivalent model of differential N-path mixer is represented by the linear time-

o4



3.83. Impedance Matching Scheme

Zsn(n) Zgg(n)

T T
= | |
Zin(nws) Zsh(n) ZRB(n)
VO
Rsw

Figure 3.13: Input impedance model for differential N-path mixer[29]

invariant (LTI) model as shown in Fig. 3.13. The equivalent input impedance at the RF

port of the mixer for n*” harmonic of the sampling frequency is given by Eq (3.7)[50, 51].

Zin(nws) = 2Rgw + Q(Zsh(n) || ZRB(”))
1 nm 1
Z = — sinc® (— in —
Ri(n) = < sinc (N) <R BBLNA | ijBCH> (3.7)
sinc? (%)
Zsh( ) = N p (Rs +st)
1 — sinc?(5F)

where Zpp represents up-converted baseband impedance and Zg, represents the fold-
ing shunt impedance at n" harmonic, Rin BBIL.N A Tepresents the input impedance of the
BBLNA, and Cp is the sampling capacitor of the mixer. It is evident from Eq. (3.7)
that the baseband impedance is frequency translated to switching frequency ‘fs’ and its
harmonics. However, as the ‘n’ increases, Zg, decreases, and if it becomes less than 50
), it is not possible to match the antenna impedance. For the four-path mixer, the Z,
is less than 50 €2 at all the harmonics other than fundamental frequency f;. Hence, 50 2
impedance matching is only possible at the fundamental, fs. On the other hand, increasing
the number of paths to eight, the magnitude of the shunt impedance Zj, surpasses 50 2 for
the fundamental and third harmonic of f;. This property of the eight-path mixer allows
matching the input impedance at the fundamental and third harmonic of f; by tuning
baseband impedance R;, pprnva. Therefore, an eight-path sub-sampling switch-capacitor

mixer is employed for realizing impedance matching using the third harmonic of fs.

SpectreRF PSS, PSP simulations are performed to validate the input impedance
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3.3. Impedance Matching Scheme

obtained from the analytical equations. In the proposed quarter-rate sub-sampling mixer-

first receiver architecture, the BBLNA provides the required baseband impedance to match

50 2 at the RF port of the mixer. The simulated real and imaginary components of the

input impedance are shown in Fig. 3.14(a) and Fig. 3.14(b) for an frp of 1.476 GHz, f

= 492 MHz, respectively. The input return loss, S, simulations shown in Fig. 3.14(c)

confirms that the input impedance matches to 50 2 at the third harmonic of fs; and poor

matching at the fundamental and fifth harmonics of f;.
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Figure 3.14: The input impedance of the sub-sampling mixer-first direct down-

conversion RF front-end for an frp of 1470 MHz and f, of 490 MHz, showing the

(a) real part, (b) imaginary part and (c) Si;
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3.4. System Level Error Vector Magnitude(EVM) Analysis

Modulated Down-conversion BB Low noise
RF source Mixer amplifier
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Figure 3.15: Block level model of the RF front-end

Table 3.1: Block level specifications of the proposed sub-sampling direct down-conversion

receiver
Parameter Mixer | BBLNA | Gm-cell
Noise Figure(dB) | 3* 1.8 to 12 9.4
Gain(dB) 0.4 6 to 18 8
[IP3(dBm) +139 | -1.1to 12 | +2.6
* NFDSB

3.4 System Level Error Vector Magnitude(EVM) Analysis

In general, the performance of an RF system is presented in terms of different param-
eters such as noise figure, IIP3, signal-to-noise ratio, etc., Similarly, error vector magnitude
is a metric which gives a combined impact of different impairments such as noise, non-
linearity. The system-level EVM analysis of the proposed sub-sampling mixer-first direct
down-conversion RF front-end is performed by using a Genesys model, shown in Fig. 3.15.
The sub-sampling RF front-end consists of a mixer, BBLNA, followed by a g,,-cell. The
block-level specifications used for the EVM simulations are given in Table. 3.1. The input
to the mixer is an M-array-based RF modulated 16-QAM source and the simulated EVM
at the output of the BBLNA. The simulated EVM of the RF front-end is shown in Fig.
3.16 for varying input power from -100 dBm to +20 dBm. The EVM becomes poor for
the input power less than -90 dBm and greater than 0 dBm, which means that the perfor-
mance of the RF front-end is limited by the noise at low input signal powers and the RF
front-end linearity at the higher input signal power levels. In addition, the EVM of the
receiver is also verified for three gain settings of BBLNA from 6 to 18 dB with a sampling
clock jitter of 600 fs. The RF front-end achieves a target EVM of -30 dB or better for an
input range of -80 dBm to -20 dBm input power.
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Figure 3.16: System level EVM of the RF front-end for varying input RF power and
BBLNA gain

Table 3.2: Performance summary of the proposed RF front-end

. . Impedance .
Sampling Scheme | Architecture Supply(V) | Area(mm?)
matching w/o LNA
Sub-sampling Mixer-first Yes 1.2/2.5 0.32
Frr(GHZ) | £,(GHz) NF(dB) BW (MHz) 1P, (dBm) Gain(dB) Power(mW)
RE z s z d [Hz 3(dBm ain
’ Mixer | LO | BB
0.4-1.8 0.13-0.6 7.5-8 50 -1 22 0.8 2-10 | 25

3.5 Conclusions

A digitally intensive sub-sampling direct down-conversion mixer-first receiver archi-
tecture has been presented. The concept of sub-sampling direct down-conversion and the
input impedance matching scheme at the RF port of the mixer using the third harmonic
of the fs is explained. The scheme of the proposed architecture is demonstrated using
analytical equations and spectreRF simulations and summary of performance is given in
Table. 3.2. The proposed receiver architecture is realized in the 1.2 V, 65 nm CMOS pro-
cess with the circuit components like switches, capacitors and inverters makes it digitally
intensive architecture. The required sampling frequency for the proposed architecture is
one-third of the input RF frequency, leading to low power consumption for the clock gener-
ation. These features make the proposed architecture a potential candidate for low-power

applications.

The CMOS implementation details of both the proposed sub-sampling RF front-ends

are provided in Chapter 4.
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Chapter 4

CMOS Implementation of Sub-Sampling RF Front-end

Architectures

This chapter provides CMOS implementation details of the two digitally intensive
sub-sampling mixer-first RF front-ends presented in Chapters 2 and 3. Initially, in section
4.1, circuit and layout implementation details of each sub-block of the first sub-sampling
mixer-first RF front-end, along with the non-overlapping clocking scheme and post-layout
performance summary, are provided. After that, in Section 4.2, circuit and layout im-
plementation details of each sub-block of the second RF front-end, along with the non-
overlapping scheme and post-layout performance summary, are presented. In Section 4.3,
the details of the full-chip layout, input, output pin specifications, and placement details

of all the sub-blocks are presented. Finally, section 4.4 concludes the chapter.

4.1 A Process Scalable Architecture for Low Noise Figure Sub-Sampling
Mixer-First RF Front-End

The proposed sub-sampling RF front-end is implemented in 1.2 V, 65 nm CMOS
technology. As shown in Fig. 2.12, the proposed sub-sampling mixer-first RF front-end
consists of a four-path sub-sampling mixer, IF stage switch-capacitor filters, and IF-LNAs.
The four-path mixer down-converts the incoming RF signal to IF and also offers harmonic
rejection leading to a low noise figure. The IF-LNA in combination with the switch-
capacitor filter offers the required gain at IF and impedance matching at the RF port.
The impedance realized by this combination at the IF stage is frequency translated to RF

by exploiting the transparency property of the passive mixer.

4.1.1 Circuit Implementation

This section explains the circuit implementation details of the proposed sub-sampling

mixer-first architecture along with the non-overlapping clock generation scheme. Block
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4.1. A Process Scalable Architecture for Low Noise Figure Sub-Sampling
Mixer-First RF Front-End

and circuit level implementation of the proposed RF front-end is shown in Fig. 2.12.

4.1.1.1 Four-Path Sub-Sampling Mixer

As explained in Section 1.2, in the advanced CMOS technologies, the switching prop-
erties of the MOS transistors have been improved|[6]; hence MOS switches are commonly
employed in switch-capacitor implementations [5]. In this work, a four-path sub-sampling
mixer is employed for down-conversion. As shown in Fig. 2.12 (a), the differential four-
path mixer consists of four switching paths, and each path is excited by four 25% duty
cycle non-overlapping clocks Sge, Sgge, Sigge and So7ge. Each path of the mixer conducts
for one-fourth of the sampling period and samples the input RF signal onto four capacitors
Cho to Cg3. These four outputs are in quadrature and denoted by Vip 14, Viri—, Viro+

and Vipg—.

4.1.1.2 TF-LNA

The CMOS inverter-based amplifiers exhibit good noise figure, gain, and linearity
performance, along with the advantage of process scalability. In this work, an IF-LNA is
employed to provide the required impedance at the IF port of the mixer using a CMOS
inverter-based resistive feedback wide-band amplifier as shown in Fig. 2.12(b). The trans-
conductance G, of the first stage of IF-LNA is the sum of both ¢,,5 and g¢,,p offers a
better gain. In addition, it provides noise cancellation at the output node leading to a low

noise figure. The gain of the IF-LNA is given by Eq. (4.1).

Ay = (Ay X gm78 + gm3.a) (To3,4all7o78)

Where (4.1)

1-G,Rpr
7mRF; G = Im1,2 + gm5,6
1+ Ry

Ay =

The input impedance of the IF-LNA is denoted as R;, v 4 and the analytical equation

is given by Eq. (4.2). The feedback resistor Ry and voltage gain are designed to get the
required input impedance at the IF stage. The total impedance at the IF stage of the RF
front-end is the parallel combination of R;, rny4 of IF-LNA and the input impedance of

the IF stage filter. As it will be explained in Section 4.1.1.3, the input impedance of the
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Figure 4.1: IIP3, noise figure and power consumption of the IF-LNA with respect

to control voltage V..

IF stage filter is high; hence, the input impedance of IF-LNA is tuned to match the RF

port impedance of the mixer to 50 2 antenna impedance.

R R,
Rinona = 2< nt )

1+ GnR, (4_2)

R, = To576HTol,2

In the proposed work, the IIP3 of the switch-capacitor RF front-end is limited by
the IF-LNA linearity. Hence, the IF-LNA performance is optimized to provide an IIPg
of -2.4 dBm, which increases the power consumption of the IF-LNA. The control voltage
V. is applied to the IF-LNA, as shown in Fig. 2.12 (b), to set the required performance
and power consumption. The performance of the IF-LNA for varying V. is shown in Fig.
4.1. Tt shows increasing V. reduces the power consumption of the IF-LNA; however, this

affects the linearity of the RF front-end.

4.1.1.3 M-Phase Switch-Capacitor Filter

The M-phase switch-capacitor bandpass filter consists of M number of replicas of the
switch-capacitor low-pass filter. These switches are excited by M-phase non-overlapping
clocks where each path conducts ﬁth period of the clock. The switching creates a bandpass
impedance response at the input of the filter by exploiting the transparency property of
passive switch capacitors [49]. In this work, an eight-phase filter is implemented to create

a bandpass impedance response at the input of the filter. The differential 8-phase switch-
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capacitor consists of sixteen MOS switches and eight capacitors as shown in Fig. 2.12 (c).
These switches are excited by eight non-overlapping clock phases Sy to Ss with a sampling
frequency of frp. The switching creates a bandpass impedance response centred at frp,
which facilitates the impedance matching for the proposed RF front-end at frp. The
filter bandwidth depends on the sampling capacitors, which provide tunable bandwidth

by varying the capacitance.

4.1.1.4 Measurement Buffer

The circuit diagram of the measurement buffer is shown in Fig. 2.12(d). The buffer
is designed to measure both the mixer and IF-LNA outputs separately with the help of
two control signals, LNAgy and Mizergy. Based on the selection of control signals,
the buffer gives one of the two signal inputs LN Ay, Mixery,: to I Fy,; output. In this
work, the measurement buffer is designed using 2.5 V supply transistors and provides an
IIP;s of 32 dBm, -1.6 dB loss, consumes a 3 mA current and has a 50 €} impedance at
the output. The buffer with such high linearity eliminates the need for de-embedding the

buffer non-linearity in the measurements.
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16 1 3 4 5 6 8
®5  q p a—>—p q D Q D Qq b a Q b af
8 9 14 15 16
—DB Q B Q 10 B Q L B Q 12 B Q 13 B Q B Q B QB—
[ [ 1 [ 1 [ 1 [ ] [ ] [
CK CKB CKB CK CK CKB CKB CK CK CKB CKB CK CK CKB CKB CK
9 SIS
1
1 s A 2D P
S
VDD VSS VDD VSS 1 9 15
[ | | 3 S, DS4 15D Ss 5D38
1 2 9 1
4—p a D a4 1D Sepe
3
2—pB QB DB QB—2 3
] [ i1 ) sw
CK CKB CKB CK
T o
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Figure 4.2: Four and eight phase non-overlapping clock scheme

4.1.1.5 Non-Overlapping Clock Generator

The four and eight-phase non-overlapping clocks with 25% and 12.5 % duty cycles

are generated using two frequency dividers from the same input source[13, 49]. An on-

62



4.1. A Process Scalable Architecture for Low Noise Figure Sub-Sampling
Mauxer-First RF Front-End

chip single-to-differential converter is employed to convert the external single-ended clock
to a differential clock. These differential clock phases are divided by latch-based clock
dividers, and the divider output phases are combined using combinational logic to generate
non-overlapping clock phases with the required duty cycle[13]. Fig. 4.2 shows the non-
overlapping clock scheme for the proposed RF front-end. The 8-phase clock for the Q-path
filter is delayed by 90° to avoid discharging of Q-path sampling capacitors when the Sggo,
and So7ge phases are OFF.

4.1.2 Layout Implementation

The proposed sub-sampling RF front-end is implemented in the 1.2 V, 65 nm CMOS
technology and the full custom layout is implemented for the test chip. This section
provides the post-layout performance summary of each block of the proposed RF front-

end.

4.1.2.1 Layout of the Switch-Capacitor Four-Path Mixer

The layout of the differential four-path sub-sampling switch-capacitor mixer is shown
in Fig. 4.3. As explained in Section 4.1.1.1, the differential input RF signal RFry+,
RFjn_, and the four-phase non-overlapping clocks Sgo, Sgge, S1goe and So7ge are applied
to the mixer at the marked positions in the layout. The down-converted 1Q outputs Vi,

Vi—, Vg4 and,Vg_ are obtained across the four sampling capacitors as shown in Fig. 4.3.

Figure 4.3: Layout of the four-path switch-capacitor mixer
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4.1.2.2 Layout of the IF-LNA

Two CMOS inverter-based differential IF-LNA are employed in the proposed archi-
tecture as shown in Fig. 2.12. The two differential quadrature outputs of the sub-sampling
mixer are connected to the LNAs. These LNAs give the IF outputs of the sub-sampling
RF front-end with a gain of 16 dB. The decoupling capacitors are used for biasing the
IF-LNA independently which increases the area of the LNA. The layout of the IF-LNA,

excluding decoupling capacitors, is shown in Fig. 4.4.

Figure 4.4: Layout of the IF-LNA

4.1.2.3 Layout of the M-Path Filter

As explained in Section 4.1.1.3, the proposed switch-capacitor filter consists of eight
differential switch paths and eight capacitors. The differential quadrature outputs of the
four-path mixer are the input to both the filters in the architecture. The eight outputs of
the filter switches are connected to eight capacitors. The inputs of the filter are denoted
as Virpy and Vip_. The layout of the M-phase switch-capacitor band-pass filter is shown

in Fig. 4.5.

4.1.2.4 Layout of the Non-Overlapping Clock Generation

As shown in Fig. 2.12, the proposed RF front-end architecture requires two non-
overlapping clocking schemes. The four-phase clock for sub-sampling down-conversion
mixer and an eight-phase clock generation circuit for M-phase switch-capacitor filters.

The reference clock to these two non-overlapping clock generation circuits is provided
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Figure 4.5: Layout of the M-path filter

externally. The two inputs CLK and CLKB are generated by a single-ended to the differ-
ential converter and the differential outputs are connected simultaneously to both the four-
phase and eight-phase non-overlapping clock generation signals as shown in Fig. 4.6(a)
and 4.6(b). The outputs of both the clock generation circuits are connected to the mixer

and filter switches using clock buffers.

Figure 4.6: Layout of the (a) four-phase non-overlapping clock generator and (b)

eight-phase clock generator.
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Figure 4.7: Layout of the full architecture
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4.1.3 Post-Layout Performance

The full custom layout architecture of the proposed architecture is implemented,
shown in Fig. 4.7. The post-layout performance of the proposed process scalable low
noise figure sub-sampling mixer-first receiver RF front-end is simulated, and the results

are provided below.

4.1.3.1 Transient Simulation

The transient response of the proposed RF front-end is simulated at an RF frequency
of 860 MHz and a sampling frequency of 688 GHz. The simulated time domain and
frequency spectrum of the IF outputs are shown in Fig. 4.8(a) and 4.8(b) respectively.
The transient outputs shown in Fig. 4.16(a) are in quadrature, and the spectrum of the

in-phase output shown in Fig. 4.16(b) confirms the down-conversion to an IF frequency

of fs/4.

In addition, post-layout simulation of both the four and eight-phase non-overlapping
clock generation circuits are also performed for an input signal frequency of 940 MHz. The
four-phase and eight-phase outputs have 752 MHz, 188 MHz frequencies, respectively as
shown in Fig. 4.9 (a) and Fig. 4.9 (b).

0.2
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Figure 4.8: (a) Transient IF outputs, (b) spectrum of the in-phase output

Similarly, the spectreRF simulations such as noise figure, input impedance, conversion

gain and ITP3 of the individual blocks of the proposed receiver RF front-end are performed.
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Figure 4.9: Post layout outputs of the (a) four phase and (b) eight-phase non-

overlapping clock

The performance summary of the individual blocks of the process scalable architecture is
given in Table. 4.1. The post-layout simulation for a frr of 940 MHz and f; of 752 MHz
shows that the noise figure, input impedance, gain and IIP3 of the individual blocks are

in agreement with the schematic simulation results.

Table 4.1: Post-layout performance summary of the proposed RF front-end

Parameter Mixer | IF-LNA | IF Filter
Noise Figure(dB) | 4 2 NA
Voltage Gain(dB) | -1.1 16 -0.7
[IP3(dBm) +16 | -2.5 NA

4.2 Digitally Intensive

Sub-Sampling Mixer-First Direct

Conversion RF Front-End

Down-

The proposed sub-sampling digitally intensive direct down-conversion receiver is im-
plemented in 1.2 V, 65 nm CMOS technology, and it is a mixer-first sub-sampling receiver.
As explained in Section 3.2, the RF front-end consists of an eight-path switch-capacitor
sub-sampling quadrature down-conversion mixer, four BB-LNAs and eight g.,-cells at

the BB-stage. Initially, the mixer translates the RF signal to base-band and the down-
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Figure 4.10: Different building blocks of the sub-sampling direct down-conversion
receiver architecture and their circuit topologies: (a) eight-path passive mixer (b)

BBLNA (c) gp,-cell (d) measurement buffer and (e) non-overlapping clocking scheme

converted outputs are given to four BB-LNAs. The outputs from these four BB-LNAs
are combined using eight g, cells to obtain I1Q) down-conversion using third harmonic of
the fs. The layout implementation details of individual blocks and the full chip layout
of the proposed RF front-end, including the eight-phase non-overlapping clock generation
circuits are provided. In addition, the post-layout performance of the RF front-end is also

simulated and discussed in this section.

4.2.1 Circuit Implementation

This section explains the circuit-level implementations of the building blocks of the
proposed RF front-end along with the non-overlapping clock generation scheme. The
detailed circuit-level and block-level diagram of the proposed RF front-end is shown in

Fig. 4.10

4.2.1.1 Eight-Path Switch-Capacitor Mixer

The differential eight-path passive mixer shown in Fig. 4.10(a) is employed in this
work for down-conversion. The MOS switches are implemented with a minimum length of

60 nm, and the widths are chosen to have an on-resistance, Ry, of 10 €). Each switching
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path is excited by one of the 12.5% duty cycle non-overlapping clock phases, Sgo - S3150
with quarter-rate sub-sampling frequency, fs;. Each path of the mixer conducts for (%)th
of the sampling period and samples the input RF signal onto hold capacitors, Crg - Cg7.
The eight outputs of the mixer are directly coupled to the input of the BBLNAs. The
direct coupling of the mixer outputs to BBLNA forces the voltage at the source and the
drain terminals of the mixer switches to the same gate voltage of the Mj 2 and Msg of
BBLNA. To accommodate this DC shift at the source and drain terminals of the switches
the clock inputs are DC coupled with an additional biasing voltage V3 at the gate terminal

of the switches.

4.2.1.2 BBLNA

The circuit diagram of the CMOS inverter-based resistive feedback BBLNA is shown
in Fig. 4.10(b). First-stage of the amplifier is designed to provide the required baseband

impedance, given by Eq. (4.3), which is translated to RF port by the mixer to match 50
Q.

(4.3)

Rr+ R,
R =2 —
BB,LNA <1+GmRo>

where R, = T05,6(|T01,2 and G, = Im1,2 + Gms.6-

The second stage of the amplifier is designed to cancel the first-stage noise. The noise
cancelling is achieved by matching the gain provided by second-stage NMOS (M3 4) with
the gain provided by CMOS inverter based resistive feedback first-stage together with
second-stage PMOS (M7g). The total gain of the amplifier is given by Eq. (4.4), where

Rp is the feedback resistor, and A = 1=Cmlir

A, = (A; X gm7g + gm3,4) (ro34llror,8) (4.4)

The linearity of the BBLNA limits the mixer-first RF front-end linearity; hence, an
auxiliary path with tuning option V., is provided to improve the linearity of the BBLNA,
as shown in Fig. 4.10(b). For a tuning voltage, Vi of 400 mV, the BBLNA provides
an ITP3 of -1 dBm. Therefore, increasing V.,;; reduces the power consumption of the IF-
LNA; however, as shown in Fig. 4.1, at low control voltages the linearity of the BB-LNA

deteriorates the overall IIP3 of the RF front-end.
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4.2.1.3 Transconductance Amplifier

The circuit diagram of the PMOS-based transconductance amplifier (gy,-cell) is shown
in Fig. 4.10(c). It is a PMOS differential amplifier with a resistive load that provides
the second stage of amplification for the baseband signal. In the proposed eight-path
operation, all the eight outputs are recombined with the uniform weighing gain of the
gm-cells to obtain quadrature outputs using the third harmonic down-conversion as shown

in Fig. 3.3. The standalone g,,-cell offers a 6.5 dB voltage gain.

4.2.1.4 Measurement Buffer

The circuit diagram of the measurement buffer is shown in Fig. 4.10(d). The buffer
is a common drain amplifier which is designed using 2.5 V supply transistors. It provides
an [IP3 of 32 dBm, -1.4 dB loss, a 50 €2 impedance at the output and consumes a 3 mW
power. The buffer with such high linearity eliminates the need for de-embedding the buffer

non-linearity in the measurements.

4.2.1.5 Non-overlapping Clock Generator

The eight-phase 12.5 % non-overlapping clocking scheme for the proposed RF front-
end is shown in Fig. 4.10(e). An on-chip single-to-differential converter is employed to
convert the external single-ended clock to a differential clock. These differential clock
phases are divided by D-latch-based clock dividers, and the divider output phases are
combined using combinational logic to generate non-overlapping clock phases with the

required duty cycle.

4.2.2 Layout of the Individual Blocks

The proposed sub-sampling direct down-conversion receiver architecture is imple-
mented in the 1.2 V, 65 nm CMOS technology and the full custom layout is implemented
for the test chip. In this section, the post-layout performance summary of each block of

the proposed RF front-end is presented.
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4.2.2.1 Layout of the Eight-Path Mixer

The layout of the switch-capacitor direct down-conversion eight-path mixer is shown
in Fig. 4.11. As explained in Section 4.2.1.1, the differential eight-phase mixer consists of
eight differential switch stages and eight sampling capacitors. The differential RF inputs
RFiny, RFrn— are fed externally and non-overlapping clocks Sy to S7 are generated on
the chip. The eight mixers are further connected to BB-LNAs for amplification and further

processing.

Figure 4.11: Layout of the eight-path mixer

4.2.2.2 Layout of the BBLNA

The layout of the CMOS inverter based resistive feed-back BB-LNA is shown in Fig.
4.12. The proposed receiver architecture has four BB-LNAs, the input to each of the
LNA is applied at the LNA;ny+, LNAry— and the amplified base-band signal outputs
are available at LN Apoyry and LN Apyr—. In this implementation, the BBLNAs are
self-biased hence the decoupling capacitors are not required which reduces the area of the

LNA.

4.2.2.3 Layout of the g,,-cell

The layout of the g,,-cell and measurement buffer is shown in Fig. 4.13. As shown
in Fig. 4.10, the differential outputs of the BB-LNAs are combined using these g,,- cells

to obtain IQ down conversion using the third harmonic of the fs;. The base-band buffers
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Figure 4.12: Layout of the BBLNA

are employed to buffer out the differential base-band 1Q outputs Ioyr+, lovT—, Qovr+

and Qour--

: :
e 580 SEE 1S EPRRRER EHH cEREEEE TR
[EF 5 TR | T RH ERRE R E B |

Figure 4.13: Layout of the g,,-cell and measurement buffer
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4.2.2.4 Layout of the Eight-Phase Non-Overlapping Clock Generation

The switch-capacitor sub-sampling direct-down-conversion mixer requires eight non-
overlapping clock generation circuits. The eight-phase non-overlapping circuit has two
differential inputs CLK, CLKpar and eight non-overlapping phase outputs S; to S7.
The input to the eight-path clock generation circuit is provided externally. As explained
in Section 4.2.1.5, an on-chip single-to-differential converter is employed to convert the
external single-ended clock to a differential clock. The layout of the non-overlapping

eight-phase clocking circuit is shown in Fig. 4.14.

| AT g (e
'\i mmngn I[mn%nnr f

Figure 4.14: Layout of the eight-phase clock generation circuit

The full custom layout architecture of the proposed architecture is implemented,

shown in Fig. 4.15.

Figure 4.15: Layout of the full architecture
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4.2.3 Post-Layout Performance

The post-layout performance of the proposed direct down-conversion receiver ar-
chitecture is simulated, and the results are discussed. The transient and small signal
performances of the proposed RF front-end are simulated. The transient response of the
proposed RF front-end is simulated for an RF frequency of 1490 MHz and a sampling
frequency of 490 MHz. The simulated time domain and frequency spectrum of the base-
band outputs are shown in Fig. 4.16(a) and 4.16(b), respectively. The transient outputs
shown in Fig. 4.16(a) are in quadrature, and the spectrum of the in-phase output shown
in Fig. 4.16(b). This confirms the down-conversion to base-band frequency which is equal
to frr — 3fs. In addition, the post-layout simulation of the eight-phase non-overlapping
clock generation circuit is performed for an input signal frequency of 1470 MHz. The

eight-phase outputs have 490 MHz frequency, and the outputs are shown in Fig. 4.16(c).

Similarly, the spectre RF simulations such as noise figure, input impedance, gain and
1IP3 of the individual blocks of the receiver are performed. The performance summary
of the individual blocks of the process scalable architecture is given in Table. 4.2. The
post-layout simulation for a frr of 1470 MHz and f, of 490 MHz, shows that the noise
figure, input impedance, gain and IIP3 of the individual blocks are in agreement with the

schematic simulation results.

Table 4.2: Post-layout performance summary of the digitally intensive direct down-

conversion receiver

Parameter Mixer | BBLNA | g,,-cell
Noise Figure(dB) | +3.2* | +2.4 +10.5
Voltage Gain(dB) | +0.4 | +16 +8
[IP3(dBm) +13.9 | -1 +2.6

* NFDSB

4.3 Full-Chip Layout

The layout of the full-chip contains both the proposed RF front-ends as shown in
Fig. 4.17. Initially, the individual blocks of architecture-I are highlighted. They are (1)

a multi-path harmonic rejection mixer and four-phase non-overlapping clock generator,

74



4.3. Full-Chip Layout

120
80
g ]
Y T
g ° 5
= 40 =
e £
< -80 <
-120
100 120 140 160 180 200 0 200 400 600 800 1000
Time(ns) Frequency(MHz)
(a) (b)
——80° —— S45° ——S§90° —— S135°
——8180° —— 8§225° —— S§270° —— S315°

12qupqﬂwpwmwmfmpf

0.6

Amplitude(V)

0.0 wauumumu,wm

12 13 14 15 16
Time(ns)

()

Figure 4.16: (a) Transient base-band outputs (b) spectrum of the in-phase output

and (c) eight-phase non-overlapping clock

(2) an 8-phase non-overlapping clock generator circuit, (3) and (4) are M-phase complex
impedance filter, (5) and (6) are IF-LNA stages and (7) and (8) are measurement buffers.
The differential RF inputs RFrn+, RFrn— and clock input C' LKy, for the architecture-I
are fed at the bottom and the pins for the IF outputs I Fry, IF;_, IFoy and IFg_ are

also present at the bottom side the chip as shown in Fig. 4.17.

Similarly, the individual blocks of the architecture-II are highlighted. They are (1)
sub-sampling zero-IF mixer and eight-phase non-overlapping clock generator, (2) base-
band LNAs and gy,-cells and (3) measurement buffers. The differential RF inputs RFn+,
RFyny_ and clock input CLK;, for the architecture-I are fed at the bottom and the pins

for the base-band outputs BB;4, BB;—, BBy and BBg_ are also present at the upper
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side the chip as shown in Fig. 4.17.

Architecture-l: A Process Scalable
Architecture for Low Noise Figure Sub-
sampling Mixer-First RF Front-End

1. Multi-path harmonic rejection mixer

& 4-phase non-overlapping clocking circuit.
2. 8-phase non-overlapping clocking circuit
38&4. M- phase complex impedance filter.

586. IF-LNA
7&8. Measurement buffers

' Architecture-ll: Digitally Intensive Sub-
sampling Mixer-First Direct Down-
Conversion Receiver Architecture

1. Sub-sampling zero-IF mixer & 8-phase|

non-overlapping clocking circuit.

2. BB-LNA and gm-cell
3. Measurement buffers

Figure 4.17: Layout of the full-chip

4.4 Conclusions

In this chapter, the circuit implementation details of both architectures are presented.
The layout of each sub-system is developed and optimized to match the post-layout per-
formance with the schematic simulations. At the end, the final layout of both the RF
front-ends are implemented on single-chip, and the input-output is connected to a pad
ring, shown in Fig. 4.17. The detailed measurement results of the test chip, containing

both the proposed RF front-ends, are presented in Chapter 5.
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Chapter 5

Measurement Results and Discussion

This chapter presents the details of the fabricated test chip, shown in Fig. 1.12 (a) of
Chapter 1, PCB along with the test set-ups utilized to test and measure the performance of
the two RF front-end architectures. Section 5.1 presents the measured performance of the
first architecture, presented in Chapter 2, in terms of frequency spectrum down-conversion,
harmonic rejection, conversion gain, impedance matching, linearity and input return loss.
Similarly, Section 5.2 presents the measured performance of the second architecture, pre-
sented in Chapter 3. Section 5.3, the performance of the proposed RF front-ends compared
with the state-of-the-art implementations individually and the summary of measurements

is presented in Section 5.4.

5.1 Process Scalable Architecture for Low Noise Figure Sub-Sampling
Mixer-First RF Front-End

5.1.1 Measurement Setup

The proposed sub-sampling mixer-first RF front-end test chip is fabricated in 1P9M
TSMC 65-nm CMOS technology. The RF front-end occupies an area of 0.33 mm?2. The
micro-photograph of the test chip, along with the photograph of the PCB, are shown in
Fig. 5.1(a). The test board is a four-layer FR4 PCB with coplanar RF and IF signal
paths with 50 € line impedance. As shown in Fig. 5.1(a), the bare die is directly glued
and wire bonded to the PCB. The test chip is powered by an external power supply of
1.2 V for the core analog/RF circuit and 2.5 V for measurement buffers. In addition, a
1.2 V digital supply for powering the on-chip non-overlapping clock generator circuit is
used. This digital supply is separated from the analog/RF supply by a GND plane to
decouple the switching noise. The commercial RF balun (P/N 1720BL15B0050) provides
a wide-band operation from 400 MHz to 2815 MHz with a return loss of greater than

10 dB at the input and output ports and an insertion loss of less than 1 dB and the
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Figure 5.1: (a) Fabricated IC micro-photograph and the test PCB (b) measurement

setup.

IF stage commercial off-chip balun (ADT2-1T-1P+) provides less than 0.8 dB insertion
loss and greater than 20 dB return loss in the 8 MHz to 600 MHz frequency band. The
losses of the RF balun, IF balun and connector cables are calibrated/de-embedded in
the measurements except for input return loss measurements. The measurement setup

is shown in Fig. 5.1(b), which includes test-chip, board, and measurement equipment.
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An external clock and a single-ended RF input signal are applied from the left side of the
PCB. Off-chip balun transformers are employed for the required single-ended to differential
conversion. The balun and cable losses are de-embedded in the measurements except for
linearity and input return loss measurements. Two external control signals LN Agx and
Mixerpy are available in the design to facilitate measurement of mixer output and mixer
plus LNA output separately. The performance of the fabricated test chip is evaluated by
carrying out various measurements such as the spectrum of frequency down-conversion,
conversion gain, noise figure, linearity, and Sy;. All the measurements are performed for
the 0.4-1 GHz band of the standard IEEE 802.15.4, and elaborate measurements are done
specifically for two bands centred at frequencies 860 MHz and 940 MHz.

20 fo4
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Amplitude(mV)
Amplitude(dBm)
&
o
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Time(ns) IF Frequency(MHz)
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Figure 5.2: Measured (a) time domain output and corresponding frequency spectrum

at IF for an fgrp of 501 MHz, and f, of 400 MHz.

5.1.2 Quadrature Down-Conversion

The time-domain baseband quadrature outputs are measured for an frr of 501 MHz
and fs of 400 MHz. The four-path sub-sampling down-conversion mixer down-converted
the input RF to 101 MHz as shown in Fig. 5.2(a). The measured quadrature outputs
at the receiver output have an amplitude and phase mismatch of 1 mV and 5 degrees,
respectively. The frequency spectrum of the in-phase output is measured for an frp of
500 MHz and fs of 400 MHz. The frequency spectrum, Fig. 5.2(b) shows that the input
RF down-conversion to 101 MHz and leakage of fs at 400 MHz.
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Figure 5.3: Measured frequency spectrum at IF (a) for an fgrr of 860 MHz, and f;
of 688 MHz, and (b) for an frr of 940 MHz, and f; of 752 MHz.
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Figure 5.4: Measured IF harmonic rejection for varying input RF frequency and its

corresponding sampling frequency.

5.1.3 Harmonic Rejection and Noise Figure

The measurement results of the proposed harmonic rejection scheme using the multi-
path mixer are presented for the 0.4-1 GHz input RF range and the two specific 860 MHz
and 940 MHz bands. For an input frr of 80 MHz and f, of 680 MHz, the 4-path mixer
translates the RF input to the fs/4, 3fs/4 and 5f5/4, as shown in the frequency spectrum
of Fig. 5.3(a). From these odd harmonics of fs/4, the four-path mixer rejects the 3fs/4
and 5fs/4 harmonics by 48 dB and 41 dB, respectively. Similarly, as shown in frequency
spectrum Fig. 5.3(b), for an input frp of 940 MHz and fs of 752 MHz, the 3f;/4 and
5fs/4 harmonics are rejected by 50 dB and 36 dB, respectively. In addition, the measured
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Figure 5.6: Measured conversion gain of the RF front-end for an frp of 860 MHz
and 940 MHz.

harmonic rejection across the band from 0.4-1 GHz is shown in Fig. 5.4. The 3fs/4 and
5fs/4 harmonics are rejected by more than 46 dB and 36 dB, respectively, throughout the
0.4-1 GHz band.

These measured results confirm that the four-path mixer provides quadrature down-
conversion and rejects the harmonic down-conversions to 3fs/4 and 5f;/4 for the selected
sampling frequency for k = 2 as explained in the frequency plan in Section 2.2.2. The
amplitude of the desired down-converted signal at fs/4 is twice compared to a single-path
mixer output. Hence, the measured noise figure of the 4-path harmonic rejection is only

4.5 dB when compared to the 7.5 dB noise figure of the single-path mixer noise.

The noise figure of the RF front-end is measured by varying the sampling frequency
from 0.32-0.8 GHz for a corresponding RF frequency range from 0.4-1 GHz, shown in Fig.
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5.5. The RF front-end that includes a multi-path mixer, IF-LNA, and IF filter has a noise
figure of 6.5 dB for a conversion gain of 15.1 dB. The noise figure of the proposed RF
front-end varies from 6.5 dB to 8 dB, which is 3.5 dB lower than the required noise figure
calculated from the physical layer parameters of the IEEE 802.15.4 standard.
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Figure 5.7: (a) Measured Sj; for an frp of 860 MHz and 940 MHz (b) Measured

S11 with respect to input RF frequency and its corresponding sampling frequency.

5.1.4 Conversion Gain and Input Return Loss Si;

The measured gain of the [F-LNA is 15.7 dB, and it varies by 0.4 dB in the frequency
range from 0.4-1 GHz. Similarly, the RF front-end that includes a multi-path mixer, IF-
LNA, and filter has a measured gain of 15.1 dB, as shown in Fig. 5.5. The gain is 15.1
dB in the band 0.4-1 GHz with a variation of 1.3 dB. In addition, the conversion gain of
the RF front-end is also measured by varying the input RF and keeping fs constant for
both the 860 MHz and 940 MHz bands. The RF front-end has a conversion gain of 14.8
and 13.8 dB for 860 MHz and 940 MHz bands, respectively, with a 50 MHz bandwidth as

shown in Fig. 5.6.

As explained in Section 2.3 of Chapter 2, the impedance matching is achieved at the
RF port of the mixer using the transparency of the passive mixer from IF to RF. The
IF-stage impedance matching scheme facilitates a 50 €2 impedance matching at RF. To
verify the matching, the input return loss S1; of the proposed RF front-end is measured

for the 860 MHz and 940 MHz bands using one-port VNA measurements. As shown
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in Fig. 5.7(a), the Si; is better than -10 dB for both bands. In addition, Fig. 5.7(b)
shows the measured input return loss Si; for fs in the range from 0.32-0.8 GHz and the
corresponding RF frequency range from 0.4-1 GHz. The measured S7; is better than -10
dB and tunable with respect to the sampling frequency. These S1; results ensure that the
proposed impedance matching scheme provides tunable 50 €2 impedance matching over
the 0.4-1 GHz band. However, due to the parasitic capacitance at the mixer RF input,
the S11 notch is shifted [12].
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Figure 5.8: Measured IIP3 (a) at an fgrr of 860 MHz, second tone is at a 10 MHz
offset and (b) for varying Af for both the 860 MHz and 940 MHz bands and (c)
Measured P1 dB for an frr of 860 MHz and f, of 688 MHz

83



5.2.  Digitally Intensive Sub-Sampling Mixer-First Direct Down-Conversion
Receiver

5.1.5 IIP3; and Power Consumption

IIP3 of the RF front-end is measured by applying two tones, one tone at frr of 851
MHz, the other is at frr + Af = 861 MHz, for a sampling frequency, fs of 688 MHz.
The measured IIP3 is +10 dBm for an offset of 10 MHz, shown in Fig. 5.8(a). Similarly,
the IIP3 of the RF front-end is measured for two specific bands with centre frequencies
860 MHz and 940 MHz for various frequency offsets( Af), shown in Fig. 5.8(b). The
RF front-end has a measured in-band IIP3 of 418 dBm and +20 dBm out-of-band IIP3.
These results show that the proposed sub-sampling RF front-end maintains good linearity
for both the in-band and out-of-band interferers. The P1dB performance of the proposed
sub-sampling is investigated by performing compression test for an frr of 860 MHz and

fs of 688 MHz resulting in a P1dB of -0.3 dBm, shown in Fig. 5.8(c).

The switch-capacitor blocks of the RF front-end that includes a down-conversion
mixer, and an IF stage M-phase filter together consume a power of 400 uW. This low
power consumption makes the proposed sub-sampling mixer-first RF front-end suitable for
low-power applications[53, 54] and is an alternative to RF sampling-based receivers[12].
As explained in section IV, the enhancement of IIP3 performance has increased the IF-
LNA power consumption. The measured power consumption of IF-LNA is 25 mW at V.
= 0.1 V. The non-overlapping clock generation and distribution for the 4-path mixer and
8-path filter consume 9.6 to 24 mW for an f; of 0.32-0.8 GHz. The measurement buffer

consumes a 3 mA current from the 2.5 V supply.

5.2 Digitally Intensive Sub-Sampling Mixer-First Direct Down-

Conversion Receiver

5.2.1 Measurement Setup

The proposed quarter-rate sub-sampling direct down-conversion mixer-first RF front-
end is implemented on the same test chip (shown in Fig. 1.12) and fabricated in 1P9M
TSMC 65 nm CMOS technology. The RF front-end architecture occupies an active area
of 0.32 mm?. The test chip is directly attached to the test PCB using the chip on board
(COB) method and wire bonded. The bare die is covered by epoxy to protect wire-bonded
connections as shown in Fig. 5.1(a). The test PCB is a four-layer FR4 PCB with co-planar
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Figure 5.9: Measurement setup.

50 2 RF baseband paths.

The block diagram of the measurement setup is shown in Fig. 5.9, along with the
measurement equipment. The test chip is powered by an external supply of 1.2 V for core
analog/RF and 2.5 V for the measurement buffers and I/O pads. A separate 1.2 V supply
with a ground plane is used for powering digital sub-blocks to decouple the switching
noise. Additionally, on-chip and off-chip decoupling capacitors are used to reduce the
switching noise. Single-ended RF and clock inputs with 50 Q are fed from the bottom side
of the PCB. An off-chip balun transformer is mounted on PCB for the single-ended to the
differential conversion of the RF input. Additionally, two external baluns are employed at
the output for baseband differential to single-ended conversion. The balun and cable losses
are de-embedded in the measurements except for the input return loss measurements. This
section presents detailed measurement results of the proposed quarter-rate sub-sampling
direct down-conversion RF front-end. All the measurements are performed for the 0.4-1.8

GHz, and detailed measurements are performed for an frr of 1.4 GHz.

5.2.2 Quadrature Down-Conversion

The time-domain baseband quadrature outputs are measured for an frr of 1462 MHz
and fs of 487 MHz. The eight-path sub-sampling down-conversion mixer down-converted

the input RF to 1 MHz as shown in Fig. 5.10(a). The measured quadrature outputs
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at the receiver output have an amplitude and phase mismatch of 1 mV and 6degree,
respectively. The frequency spectrum of the in-phase output is measured for an frp of
1460 MHz and fs of 480 MHz. The frequency spectrum, Fig. 5.10(b) shows the input RF
down-conversion to 20 MHz and leakage of fs at 480 MHz. This confirms the proposed
quadrature sub-sampling direct down-conversion proposed in Section 3.2. In addition, the
fundamental and fifth harmonic of f; down-converting the frr of 1460 MHz to 940 MHz
and 980 MHz, respectively, are attenuated by 36 dB, and 43 dB with respect to third

harmonic down-conversion.
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Figure 5.10: Measured (a) transient base-band in-phase and quadrature outputs
down-converted to 1 MHz for an frp of 1462 MHz and f, of 487 MHz and (b)
spectrum at the base-band for an fgrp of 1460 MHz and f, of 480 MHz

In addition to the frp at 3fs, the mixer also translates the interferes present at the

fs and 5 f5 to the baseband, with conversion gains as explained in Section 3.2.3, quantified

Vi/Q,(1,5)
VijQs

at the frr equals to 3fs along with the interferer f;,; at the fs or 5fs with the same

using the Eq. (3.5b), and (3.5¢). To verify this, an RF signal is applied

amplitude. The measured baseband spectrum for the desired signal at, frr of 851 MHz,
the interferer at, f;,: of 302 MHz with an fs of 280 MHz, translates to baseband with the
desired signal located at 11 MHz and interferer located at 22 MHz as shown in Fig. 5.11(a).
Similarly, Fig. 5.11(b) shows the frequency translations from the third and fifth harmonic
of fs to baseband for frr of 81 MHz and f;,: of 1422 MHz to 11 MHz and 22 MHz
respectively. These results show that the proposed harmonic recombination attenuates
the down-conversion of the interferers at the fundamental and fifth harmonic of f; by 17

dB and 7 dB respectively. Therefore, the proposed harmonic recombination provides an
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additional harmonic rejection along with the RF filter for out of band harmonic blockers.
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Figure 5.11: Measured base-band output spectrum of the RF front-end for an f; of
280 MHz and frr of 851 MHz in the presence of interferer, f;,,; at the (a) fundamen-
tal, and (b) fifth harmonic of f;.
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Figure 5.12: Measured conversion gain for an frpr of 1470 MHz and f, of 490 MHz

5.2.3 Conversion Gain and Noise Figure

The conversion gain of the sub-sampling direct down-conversion RF front-end is mea-
sured for an frp range of 0.4 GHz to 1.8 GHz by tuning the fs from 0.13 GHz to 0.6 GHz.
The RF front-end has a measured conversion gain of 22 dB with a maximum of 3 dB
variation throughout the band, as shown in Fig. 5.13. To estimate the bandwidth, the

conversion gain is measured by varying the frp around 1470 MHz, while keeping the f
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Figure 5.13: Measured conversion gain and noise figure with respect to input RF

frequency, frr and its corresponding sampling frequency, f;

at 490 MHz, shown in Fig. 5.12. The result shows that the RF front-end has a conversion
gain of 21 dB at 1470 MHz with an estimated 3-dB bandwidth of 90 MHz.

The noise figure measurement setup of the sub-sampling direct down-conversion
mixer-first RF front-end is shown in Fig. 5.1. The noise figure is measured for the input
RF range of 0.4 GHz to 1.8 GHz. The measured DSB noise figure, shown in Fig. 5.13, is
4.7 dB for an frp of 0.6 GHz and f; of 0.2 GHz, and as frp increased to 1.8 GHz, the

noise figure is increased to 8 dB, due to lower conversion gain and return loss.

5.2.4 Input Return-Loss, Si;

The input impedance of the receiver is implemented by exploiting the transparency
property of the passive mixer, as explained in Section 3.3. The switch-capacitor mixer
translates the baseband impedance to the RF port of the mixer and is matched to 50 2
at the third harmonic of fs by tuning the input impedance of the base-band LNA. In the
measurements, the input impedance matching is verified by one-port S;; measurements.
Fig. 5.14(b) shows the S1; measured for an frp from 0.4 GHz to 1.8 GHz by varying the
fs from 0.13 GHz to 0.6 GHz. The measured Sq11 is better than -10 dB throughout the 0.4
GHz to 1.8 GHz frequency range. Similarly, to verify the impedance matching at desired
third harmonic, and undesired fundamental and fifth harmonics of fs, the S1; is measured
for an fs of 500 MHz and its corresponding harmonics. Fig. 5.14(a) shows the measured

S11 is -25 dB at the 3fs, -10 dB at the f;, and -12 dB at the 5f;. These results ensure
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Figure 5.14: (a) Measured Si; for an input RF frequency, frr of 1.5 GHz, sampling
frequency, fs of 500 MHz and (b) measured S;; with respect to frr and its corre-
sponding f;

the proposed impedance matching scheme provides 50 €2 impedance to the RF port of the
mixer using the third harmonic of fs;. The S;; notch is shifted from the centre frequency
due to the capacitive parasitics, and this effect is increased as the frp is increased to 2

GHz.

5.2.5 IIP3; and Power Consumption

The IIP3 of the sub-sampling direct down-conversion is measured by the two-tone
test for an fs of 490 MHz. Out of two tones, one tone is at frp of 1472 MHz, and another
tone is with 1 MHz offset, i.e., at frp + Af = 1473 MHz. Measured IIP3 is -1 dBm
as shown in Fig. 5.15(a). In addition, IIP3 is measured for varying offset frequencies,
Af. The measured IIP3 at an Af of 45 MHz is +5 dBm; and for an out-of-band, Af
of 150 MHz is +8 dBm, shown in Fig. 5.15(b). These results show that the proposed
quadrature sub-sampling direct down-conversion RF front-end maintains good linearity
for both the in-band and out-of-band interferers over the input frequency range of 0.4-1.8
GHz. In addition, the P1dB performance of the proposed sub-sampling is investigated by
performing compression test for an frp of 1470 MHz and f, of 490 MHz resulting a P1dB
of -15 dBm, shown in Fig. 5.15(c).
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The switch-capacitor blocks of the RF front-end, 8-path down-conversion mixer con-

sume the power of 800 s W. This low power consumption makes the proposed quarter-rate
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sub-sampling mixer-first RF front-end is suitable for low-power applications. In addition,
the enhancement of IIP3 performance has increased the IF-LNA power consumption. The
measured power consumption of IF-LNA is 23 mW at V., = 0.4 V. The non-overlapping
clock generation and distribution for the 8-path mixer consume 7.4 to 22 mW for an f; of

0.13-0.6 GHz. The measurement buffer consumes 2.5 mW of power from the 2.5 V supply.

5.3 Performance Comparison

5.3.1 Process Scalable Architecture for Low Noise Figure Sub-Sampling
Mixer-First RF Front-End

The performance comparison of the proposed RF front-end with the state-of-the-art
sub-sampling and RF sampling receivers is presented in Table 5.1. The proposed sub-
sampling RF front-end provides a re-configurable operation from 0.4-1 GHz for LR-WN
applications. The RF front-end has a conversion gain of 15.1 dB and a noise figure of 6.5
dB, ITP3 of +10 dBm. The proposed IF odd harmonic rejection multi-path mixer scheme
alleviates the effect of noise folding, leading to a low-noise figure mixer. Hence, the pro-
posed mixer-first RF front-end’s noise figure becomes less than the LNA first sub-sampling
down-conversion receivers[9, 26]. The IF-LNA, in combination with the switch-capacitor
filter, offers the required impedance, and the impedance is frequency translated to frr by
the transparency property of the passive mixer. Therefore, this is the first sub-sampling
mixer-first RF front-end demonstrating the low noise figure and impedance matching for
0.4-1 GHz operation with a bandwidth of 50 MHz. The total power consumption of the
switch-capacitor RF front-end blocks 4-path mixer and IF stage filter is 400 pW, which
makes the proposed sub-sampling mixer-first RF front-end suitable for low-power applica-
tions[53, 54]. In addition, the proposed sub-sampling down-conversion scheme required a
sampling frequency less than the input RF, significantly reducing the power consumption
of the frequency synthesizer and non-overlapping clock generator and distribution circuit

compared to the RF sampling-based counterparts.

5.3.2 Digitally Intensive Sub-Sampling Mixer-First Direct Down-

Conversion Receiver Architecture

The performance comparison of the proposed quarter-rate sub-sampling direct down-

conversion RF front-end with the state-of-the-art sub-sampling and RF sampling receivers
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Table 5.1: Performance summary and comparison with the state of the art RF front-ends
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Table 5.2: Performance summary and comparison with the state of the art RF

front-ends
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is presented in Table 5.2. The RF front-end provides a re-configurable operation from 0.4-
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1.8 GHz using an fs of 0.13-0.6 GHz. The measured noise figure of the RF front-end is
4.7 dB for a conversion gain of 22 dB, which is the lowest among the sub-sampling RF
front-end architectures[9, 26]. In addition, the noise figure achieved by the proposed RF
front-end is almost the same as RF sampling counterparts[12, 13, 21, 23] using a sam-
pling frequency equal to one-third of RF sampling counterparts. The proposed impedance
matching scheme using the harmonics of fs eliminates the need for an additional match-
ing network for sub-sampling RF front-ends[9, 26, 28]. Therefore, this is the first sub-
sampling mixer-first RF direct down-conversion front-end demonstrating the direct down-
conversion, low noise figure and impedance matching for 0.4-1.8 GHz operation with a

bandwidth of 90 MHz and 48 dBm OB-IIP3.

5.4 Conclusions

The measured performance of both the sub-sampling RF front-ends is presented. It is
shown that, the sub-sampling facilitates implementing down-conversion using a sampling
frequency less than input frp. In addition, it is also shown that the quarter-rate down-
conversion scheme facilitates direct down-conversion using third harmonic of f;. A proof-
of-concept test chip is fabricated in 1.2 V, 65 nm CMOS to validate the proposed ideas.
The measurement results show that the proposed sub-sampling down-conversion schemes
are suitable candidates for implementing low-power re-configurable mixer-first RF front-

ends.
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Chapter 6

Summary, Conclusions and Future Work

6.1 Summary

This thesis deals with the development of a re-configurable switch-capacitor sub-
sampling mixer-first RF front-ends for low-power wide-band applications. To date, sub-
sampling has not been considered for mixer-first receivers due to high noise folding, non
zero-1F down-conversion and difficulty in providing the impedance matching at the RF
port. The proposed key contributions include architectural-level innovations such as a
sub-sampling multi-path mixer harmonic rejection scheme, an IF-stage impedance match-
ing scheme, and eight-phase harmonic recombination mixing scheme for achieving sub-
sampling direct down-conversion along with the impedance matching at the RF port. In
addition, the proposed circuit-level innovations include a multi-path sub-sampling mixer,
M-phase switch-capacitor filter, inverter-based low noise amplifier to provide low noise
figure, high linearity and most importantly, tunable IF stage impedance to match the RF

port to a 50 ) antenna impedance.

Based on the schemes discussed above, two sub-sampling mixer-first RF front-end
architectures have been proposed to achieve low noise figure, 50 {2 impedance matching at
the RF port, and high linearity while using a sampling frequency(fs) less than input RF
signal frequency(frr). The first architecture is a process scalable mixer-first RF front-
end. The second architecture is a digitally intensive sub-sampling direct down-conversion
mixer-first RF front-end. In this work, the circuit topologies of both the RF front-ends

are implemented in 1.2 V, 65 nm technology and a test chip is fabricated.

Chapter 2 presents a process scalable architecture for low noise figure mixer-first
RF front-end architecture based on sub-sampling down-conversion. The proposed RF
front-end employs a switch-capacitor multi-path harmonic rejection mixer that rejects the
harmonic down-conversions to odd multiples of fs/4 such as 3fs/4, 5fs/4 to alleviate the

effect of noise folding and leading to low noise figure sub-sampling mixer. The impedance
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matching at the RF port of the mixer is achieved by the combination of the M-phase
switch-capacitor filter and IF-LNA. The complete analysis of the sub-sampling frequency
plan, amount of harmonic rejection, conversion gain, noise figure, linearity and the input
impedance is presented. To validate the analysis and to explain the architecture, a sub-
sampling RF front-end is implemented in 1.2 V, 65 nm CMOS and it is observed that the
performance predicted by analytical equations is in agreement with spectreRF simulations.
The proposed architecture is a digitally intensive RF front-end since the circuit components
are process scalable switches, capacitors and inverters. In addition, a system-level error

vector magnitude analysis for the proposed RF front-end architecture is presented.

The sub-sampling RF front-end presented in chapter 2 is a sub-sampling non zero-IF
down-conversion RF front-end. Hence, a unique feature of sub-sampling is exploited to
implement the first sub-sampling direct down-conversion RF front-end. Chapter 3 demon-
strates the idea and implementation details of the sub-sampling direct down-conversion
mixer-first RF front-end. The proposed RF front-end employs a quarter-rate sub-sampling
scheme to implement direct down-conversion using sub-sampling and by exploiting the
transparency property of the passive mixer impedance matching at the RF port by us-
ing harmonics of the sub-sampling frequency(fs) and an eight-path mixer. In this work,
the third harmonic of the f; is employed to implement direct down-conversion to zero-IF.
Hence, the proposed sub-sampling receiver architecture outperforms RF sampling receivers
in terms of clock generation circuit power. The architecture is simulated, and the per-
formance is verified using technology-scalable components like switches, capacitors, and
inverters. It is observed that the proposed digitally intensive architecture performance pre-
dicted by analytical equations is in agreement with spectreRF simulations. In addition,
a system-level error vector magnitude analysis of the proposed RF front-end architecture
model is presented. Chapter 4 presents the CMOS implementation of individual blocks
and complete RF front-ends, including the four-phase and eight-phase non-overlapping
clock generation circuits. In addition, the optimized post-layout performance is also pre-
sented. The post-layout performance of the proposed digitally intensive architectures is
in agreement with the schematic simulations. In chapter 5, a proof-of-concept 1.2 V, 65
nm CMOS test chip measurement results are presented along with the detailed analysis

of the measured performance of both the proposed sub-sampling RF front-ends.
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6.2 Conclusions

The proposed process scalable low noise figure sub-sampling mixer-first RF front-end
addressed two major issues that are inherent to sub-sampling mixers, and they are high
noise figure and lack of impedance matching. The proposed schemes are implemented at
the circuit level by fabricating a test chip in 1.2 V, 65 nm CMOS technology covering the
wide-band operation. The analytical equations, spectreRF simulations and measurement
results established that the proposed sub-sampling mixer-first RF front-ends are suitable
for low-power applications. The test chip measurement results show that it is possible
to achieve low-noise figure, harmonic rejection, impedance-matching, high linearity, and
reconfigurability along with low-power consumption, employing sub-sampling for imple-
menting mixer-first RF front-ends. To the best of the author’s knowledge, this is the first

work reporting mixer-first RF front-ends in a sub-sampling paradigm.

The proposed digitally intensive sub-sampling mixer-first RF front-end employs a
unique method of the quarter-rate sub-sampling direct down-conversion scheme along
with RF port impedance matching. A proof-of-concept test chip is fabricated in 1.2 V,
65 nm CMOS to validate the proposed ideas. The measurement results show that the
proposed sub-sampling down-conversion scheme is a suitable candidate for implementing

low-power re-configurable mixer-first RF front-ends.

6.3 Future Work

Process scalability, circuit and architectural level innovations are the main factors
driving improvements in RF receivers. With the advancements in CMOS technology,
switch-capacitor circuits offer high linearity and improved switching speed. Owing to these
advantages, the two digitally intensive sub-sampling mixer-first RF front-ends proposed
in this thesis offer high linearity and programmable wide-band operation. However, the
linearity of the proposed RF front-end depends on the linearity of IF or BBLNA. Hence,
the performance of the IF-LNA is optimised to provide an IIP3 greater than -2.5 dBm,
which resulted in high power consumption. In future work, it is required to optimize the
power consumption of the IF-LNA and BBLNA. Further, a new LNA topology with high
linearity, gain, and low noise figure while consuming low power can be proposed. In this

work, the proposed digitally intensive sub-sampling RF front-end employed a divider-based
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N-phase non-overlapping generation scheme. This circuit requires a sampling frequency
of at least N fs/2 to generate a non-overlapping clock of frequency fs. On the other
hand, in the future, a delay-based divider-less non-overlapping clock generator needs to
be integrated with a sub-sampling RF front-end to reduce the power consumption further.
Another obstacle in the implementation of sub-sampling mixer-first RF front-end using
a sampling frequency less than the input RF signal is providing impedance matching;
part of this issue is addressed in this work in Chapter 2 and Chapter 3. However, these
techniques can be further extended to provide impedance matching at higher harmonics

of fs (beyond the third harmonic of fs) to achieve very low power consumption.
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