UCLA

UCLA Electronic Theses and Dissertations

Title
New Techniques for Future RF and Millimeter Wave Radios

Permalink
https://escholarship.org/uc/item/5f2783p\

Author
Razavi, Seyyed Hossein

Publication Date
2021

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/5f2783pv
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA
Los Angeles

New Techniques for Future

RF and Millimeter Wave Radios

A dissertation submitted in partial satisfaction
of the requirements for the degree

Doctor of Philosophy in Electrical and Computer Engineering

by

Seyyed Hossein Razavi

2021



© Copyright by
Seyyed Hossein Razavi

2021



ABSTRACT OF THE DISSERTATION

New Techniques for Future

RF and Millimeter Wave Radios

by

Seyyed Hossein Razavi
Doctor of Philosophy in Electrical and Computer Engineering
University of California, Los Angeles, 2021

Professor Behzad Razavi, Chair

This dissertation consists of two parts. In the first part, a broadband universal receiver is proposed
with channel selection and blocker rejection that achieves a low noise figure and high linearity
through an innovative use of feedback techniques. It also demonstrates ample harmonic rejection
owing to its newly proposed harmonic trap method with no calibration required. Realized in 28-
nm CMOS technology, the receiver exhibits a noise figure of 2.1 dB and a third and fifth harmonic

rejection of more than 60.8 dB up to 2 GHz while consuming 49 mW.

In the second part, we introduce a a new linear, time-variant model that provides a general
framework for understanding and modeling of injection locking in oscillators and frequency di-
viders. Application of the proposed model to direct injection locked frequency dividers (DILFDs)
results in new insights and design optimization criteria which highly improves the divider lock
range and power consumption. Two DILFD prototypes have been fabricated: A 1.88-mW single
DILFD that operates from 26 GHz to 63 GHz and a 4.76-mW coupled DILFD that operates from

24 GHz to 73 GHz with no need for tuning or adjustments.
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CHAPTER 1

Introduction

This dissertation includes two separate parts. The first part deals with developing a universal re-
ceiver for wireless applications in the RF range. The second part introduces a new frame work for
the analysis of injection locking and develops millimeter wave frequency dividers with unprece-

dented lock range.

Today’s mobile devices must support more than 15 cellular and WiFi bands. Radios serving
in such an environment require many off-chip front-end filters, occupy a large chip area, and pose
severe difficulties in generation and distribution of the local oscillator (LO) signals. Hence, an
RF universal receiver, capable of receiving at various standards over different frequency bands is
of high demand. Such a receiver, however, needs to overcome numerous challenges, specifically,
wideband low noise performance with sufficient input matching, sufficient in-band and out-of-
band linearity with no prior filtering of the blockers and adequate rejection of the blockers located
at the harmonics of the LO all within a limited power budget. Chapter 2 describes the steps toward
developing such a receiver. Section 2.1 explains the challenges of designing a universal receiver.
Section 2.2 provides the background for this work, and section 2.3 deals with the performance
requirements. Section 2.4 presents the receiver front-end design and section 2.5 describes our
proposed harmonic rejection technique. Section 2.6 explains clock generation circuits and section
2.7 summarizes the experimental results followed by the conclusion of the universal receiver design

in section 2.8.

As the wireless and wireline systems push for higher frequencies, millimeter wave frequency

synthesis is becoming a critical challenge. As an essential block inside any frequency synthe-



sizer, the frequency dividers should also be revisited and improved to be able to deliver required
performance at millimeter wave frequencies. Chapter 3 introduces a new analysis framework for
injection locking and its applications to direct injection locked frequency dividers (DILFDs). Sec-
tion 3.1 explains the challenges in understanding and analyzing the injection locking phenomenon.
Section 3.2 presents our proposed injection locking model for oscillators. Section 3.3 extends the
method to DILFDs. Section 3.4 discusses the idea of quadrature coupling and its design con-
siderations. Section 3.5 deals with the circuit implementation and section 3.6 summarizes the

experimental results. Finally this chapter is concluded in section 3.7.



CHAPTER 2

A Universal Receiver for Sub-6 GHz Wireless Applications

2.1 Problem Statement

The idea of Having a wideband receiver, capable of receiving signals at various standard has long
been a fascinating objective for RF designers. However, there have been several obstacles in realiz-
ing such a system. 1) The receiver must be able to maintain good noise performance, input match-
ing and sufficient gain over a wide RF bandwidth and for different channel bandwidths based on
the standard. 2) The baseband section must be able to support signal processing up to wide channel
bandwidths of the new WiFi 6 standard with sufficient gain and acceptable power consumption. 3)
It must be able to maintain required linearity measures. To this end, it needs to select a band and
reject large out-of-band blockers and in-band interferers. 4) Since in many cases, harmonics of the
desired signal fall inside the receiver bandwidth, the system must be able to reject the harmonics

and prevent them from being folded back on the desired signal.

In order to have a clear vision of the mentioned problems we start with the problem of flicker
noise. As depicted in Fig.2.1a in any RF receiver, the signal is eventually downconveted to the
baseband. Now the flicker noise presented by the MOS devices in the baseband section becomes
critical, especially for the narrow channel band width of cellular standards such as GSM. If we
decide to use larger transistors to overcome this problem, the bandwidth will be limited and the
receiver will not be able to receive 160 MHz channel of WiFi 6. And if more RF gain is imple-
mented before the downconversion, linearity degrades and the receiver chain will compress in the

presence of blockers.



Second challenge is about receiving wide band channels of WiFi 6. The baseband processing
section must be able to receive high modulation index signals with a wide bandwidth (Fig.2.1b)
such as 256-QAM, 160 MHz WiFi 6 signal . Therefore the baseband section must be wideband
and linear enough to avoid signal corruption and at the same time we prefer to provide this wide

bandwidth without a power consumption compromise.

. . Flicker
Baseband Dﬁswedl '\ noise
Desired Section channe :
channel
! : ' : ' Ll
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(b)
Figure 2.1. (a) The problem of flicker noise in CMOS receivers and (b) an example of a 256-QAM

wideband WiFi signal to be received the receiver.

Third challenge as depicted in Fig.2.2a, is that the input signal could be accompanied by a
large out-of-band blocker. Since we are developing an ultra-wideband receiver, the out-of-band
blocker is not attenuated by an off-chip filter. Hence, it is important to provide sufficient rejection
for the blocker signal in the receiver chain. The resurrection of translational circuits ([1] and [2])

in the form of N-path filters ([3]) helped to alleviate this problem, although as mentioned in the

4



next section, it took an extensive effort to make the idea closer to practice.

Finally, we discuss the problem of harmonic rejection. In an ultra-wideband receiver, the block-
ers present at the higher harmonics of the desired signal will enter the receiver without any prior
filtering (Fig.2.2b). This blockers will then get downconverted and fall on top of the desired signal
and corrupt it. Therefore, it is important to avoid this undesirable problem by attenuating higher
harmonics. This issue has recently been subject to an extensive research, however, the assumptions
made and results obtained still do not meet the practical requirements as will be discussed in the

next section.

Blocker
Desired
channel
Harmonic
Blocker
Desired
channel V
[ I | B ﬁ—»
fLo

(b)
Figure 2.2. (a) The problem of large out-of-band blockers and (b) harmonic blockers in the radio

receivers.

This paper introduces a new approach to receiver design that brings together low noise, suffi-
cient linearity and wide band input matching over a wide frequency range while improving har-
monic rejection considerably. These features make the proposed receiver architecture a good can-
didate for future radios. Implemented in 28-nm CMOS technology, the design exhibits a noise

figure of 1.6-2.1 dB over the frequency range of 0.4-6 GHz, while supporting channel Bandwidths



From 200 kHz to 160 MHz. Additionally, It is able to tolerate O-dBm out-of-band blockers and
reject third and fifth harmonic blockers by more than 60.8 dB up to 2 GHz.

2.2 Background

Wideband low noise amplifiers with promising performances have been proposed in the papers
for years ([4] and [5]). Fig.2.3a depicts a noise cancelling LNA ([4]) which cancel the noise of
the input device using a feed-forward scheme. Fig.2.3b on the other hand, shows the concept of
reactance cancelling LNA proposed by[5] which reduces the effect of the input noise device by
cancelling half of its noise due to the global feedback used for input matching. A major obstacle
in the way of wideband LNAs way to be used in a practical wideband receiver structure, is the
problem of large interferers. In the absence of a passive filter preceding the LNA, large interferers

reach the LNA without any attenuation and compress the receiver.

S ; - o vnut E
™ iy 5
q - Noise Voltage ' C :

in i Cin Core
— H Y
— —»: Noise Current = : ;E 1 Amplifier

‘%': Signal Voltage

Figure 2.3. (a) Noise cancelling LNA proposed in [4] and (b) reactance cancelling LNA proposed
in [5].

To address this problem, a key element is a tunable bandpass filter that can sweep its center
frequency across the entire receiver bandwidth. This demand was the reason for the resurgence of
interest in frequency translational circuits and their most popular form which is N-path filter. N-

path filters translate a baseband impedance to a desirable RF frequency by switching N replicas of

6



the baseband impedance with a set of N non-overlapping clocks. Despite the amazing property of
frequency translation which made it possible to have band-pass filter with tunable center frequency,
the original N-path structures suffered from several practical issues, resolving which was the sub-
ject of extensive study and research in recent years. First problem arises from the on-resistance
of the N-path filter switches. The on-resistance of the switches limits the out of band rejection of
the filter. This problem manifests itself in the presence of a large out-of-band blocker for which
insufficient rejection leads to severe non-linearity in the receiver. Employing large switches to
reject the out of band blockers is an approach taken by several papers ([6] and [7]), however it
requires a large power consumption in the clock path to drive the switches. Moreover, it limits the
RF bandwidth due to large parasitic capacitance of the switches on the RF side. On the other hand,
[8] proposes utilizing the Miller effect by leveraging gain of an amplification stage which makes
the switches smaller, hence consuming less power and supporting larger RF bandwidth (Fig. 2.4).

However, The out-of-band blocker rejection is still limited and needs to be further improved.

8-Path | —o o——F—o"o— |
Notch Filter Cp == 250 pF

(a)
Figure 2.4. Placing the N-path filter around a gain stage to benefit from the Miller multiplication

proposed in [8].

Second major issue was the problem of center frequency shift in which the parasitic capacitance
connected to the RF node, shifts the center frequency of the bandpass filter to the left side of LO
frequency. This effect becomes more problematic as the desired RF frequency increases; hence the

impedance of the parasitic capacitance becomes smaller and comparable with resistive load at the



RF node. There are two approaches to tackle the problem.

Virtual ground @ wanted frequency
Large cap provides short @ blocker frequency

To eJwrot
LNA o—{

Input

From Ideally No RF Voltage Gain

—° LNA

Output No Gain at

Blocker
Frequency

Blocker Rs
Q" e W T
(b)

Figure 2.5. (a) Polyphase filtering proposed in [8] and (b) introducing low resistance using a

Wanted
Signal ~

translational feedback loop proposed in [7].

First approach is to utilize poly-phase operation in the N-path filter as in [8] and [9](Fig. 2.5a).
Although able to solve the problem, this method has a major shortcoming, especially in the context
of wideband receivers. Polyphase operation is only suitable for a specific frequency, so in order
to receive the same channel bandwidth at different RF frequencies, different sets of polyphase
capacitors are required. In other words, it is not a versatile solution. Second approach which has
more interesting properties is basically avoiding this problem by exhibiting a low impedance to
the RF node using a feedback in the baseband section([7] and [10]) as shown in Fig. 2.5b. By
applying this idea, the impedance of the parasitic capacitance would be much larger than the small
equivalent impedance connected to the RF node. In this method once the input voltage signal is
converted to current in the RF amplifier, it will only be converted back to voltage in the baseband
section, thus it does not need to deal with the parasitic capacitance of the RF node. This method has
two more interesting properties: 1) Since it avoids voltage amplification until the baseband section
and its amplification happens in the same stage as channel selection in baseband, it does not need

to do any filtering on the close-in weak interferers on the RF side. In contrast architectures with RF

8



filtering need to perform channel selection at RF to filter the in-band interferers. 2) In the baseband
section it is possible to afford for large resistors because of long channels of baseband transistors,
therefore, smaller capacitors are required, hence the occupied area will be reduced. In contrast, in
the case of RF filtering large resistors are not affordable and designs have to make advantage of

the Miller effect to shrink the capacitor size.

Last issue to be addressed is not specific to N-path filters and applies to every N-phase mixer.
It is the problem of harmonic rejection. For any N-phase mixing system, harmonics of number
kN + 1(k € Z) will inevitably be folded back on the first harmonic signal. But the fold-back of
other harmonics can be avoided through the use of harmonic rejection combining after the mixer.
The original idea proposed in [11] (Fig. 2.6) was presented on a 3-path mixer with three clock
phases spaced 45° away from each other. Same concept was then used in 8-path structures ([8], [7]
and [12]). This method, in essence, reconstructs the sine and cosine waveforms by adding eight

phases of square waves spaced equally with proper weighting.
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Figure 2.6. (a) The idea of harmonic mixing proposed in [11] and (b) its implementation.

While working perfect in theory, this method has its own limits. Systematic mismatches in the
layout and mismatches due to process variation will affect both phase accuracy of the LO signals
and gain accuracy of the weighting circuit, resulting in limited harmonic rejection. Most common
architectures of harmonic combining use 8-phase clocks which makes the fold-back of seventh

and ninth harmonic inevitable. Among the harmonics between second and sixth, even harmonics
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are of less interest since their rejection depends only on the accuracy of differential clocks and
amplifiers, therefore, they experience sufficient levels of rejection. Third and fifth harmonics,
however, do not get attenuated adequately and have been subject to extensive research recently. In

the recent literature, two approaches have been taken to alleviate this issue.
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Figure 2.7. (a) Using an equalization technique to reject a single harmonic blocker proposed in

[13] and (b) the idea of two stage harmonic rejection proposed in [13].

First, is to use an equalization technique to cancel the folded harmonic in the baseband after
conversion to baseband ([13], [14], and [15]). Fig. 2.7a depict the equalization method proposed
by [13]. However, this method can only equalize for a specific harmonic at a time and needs
calibration. [16] proposes a 32-phase mixing solution which puts the desired signal on a higher
harmonic of LO and makes it possible to reject more than one harmonic simultaneously using the
equalization technique, however, using a sub-harmonic LO is not desirable. Suppose the desired
signal is on the k™, (k € Z) harmonic of the LO. Then the number of mixing spurs is multiplied
by a factor of k£ which the proposed receiver is not capable of handling. Second approach, first
introduced in [13] (Fig. 2.7b) and then utilized in other papers such as [10] and [17], is calibration
free and can reject third and fifth harmonics at the same time. It is based on dividing the weighting
operation of harmonic combining to two cascaded stages, one in baseband and one in RF, hence,
making the harmonic rejection a product of two independent mismatches which reduces the effect

of gain mismatch by ~46 dB. However, this method has has several deficiencies. First, it is lim-
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ited by phase mismatch far before it can realize the 46-dB improvement. Second, it is suitable for
differential RF inputs which calls for an off-chip balun that directly increases the noise figure by at
least 1 dB at the input. Third, it does not lend itself to wideband low noise designs easily. Finally,
the proposed prototype in [13] relies on 8 f;o input clock and a power hungry clock generation
circuit to obtain small clock phase mismatch. [10] is an attempt to fit this idea to a frequency trans-
lational noise cancelling (FTNC) receiver and provides a single ended prototype too. However, it
ended up in a complex architecture and eventually the single-ended prototype harmonic rejection

was not promising.

2.3 Performance Requirements

Before presenting the proposed receiver, it is important to review the design specifications and
requirements. We start with RF bandwidth. The newest WiFi 6 release based on 802.11ax standard,
operates up to SGHz band similar to its predecessor 802.11ac. Considering our objective to have a
universal receiver that supports all the previous standards in the sub-6 GHz band as well as newly

defined standards, we seek a receiver whose RF bandwidth covers 400MHz to 6 GHz.

In terms of channel bandwidth, the proposed receiver must be able to cover all defined channel
bandwidths for the standards defined in the sub-6 GHz band. To show its performance at extreme
cases, it should be able to support 200 kHz bandwidth of GSM as well as 160 MHz bandwidth

required by 802.11ax.

In other words, our receiver must provide required gain, noise figure and input matching over
the entire 6 GHz bandwidth and it should be able to maintain these specifications over the channel
bandwidth of interest at each standard while performing the channel selection filtering. Regarding
the noise performance, we aim to provide a noise figure of less than 2 dB over the entire RF
bandwidth. Finally, the receiver should be able to provide an S;; <-10 dB over the entire channel

bandwidth while maintaining its performance over the 6 GHz RF range.

It is also important to mention the stringent blocker requirements of GSM standard which
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we will be addressing as the most extreme case of blocker tolerance. According to the GSM
requirement, the receiver must be able to tolerate a 0 dBm blocker as close as 23 MHz from the

desired channel.

Another important specification to consider is harmonic rejection. Since the proposed receiver
must cover a bandwidth of 400 MHz — 6 GHz, third and fifth harmonics of the desired channel
fall inside the receive band and will be translated to the first harmonic due to phase and gain
mismatches in the mixer and N-path filters. Considering maximum RF frequency of 6 GHz, our
goal is to provide more than 60 dB rejection for the third and fifth harmonic up to 2 GHz. To
summarize our receiver specifications, we aim to build a receiver that provides S;; <-10 dB and
NF<2 dB from 400 MHz to 6 GHz, supporting channel bandwidths of 200 kHz-160 MHz. It
should be capable of tolerating large out-of-band blockers, specifically 0 dBm blocker at 23 MHz
offset while receiving GSM signals and providing sufficient in-band linearity. Additionally, this

receiver must provide more than 60 dB rejection for third and fifth harmonics up to 2 GHz.

2.4 Receiver Front-End Design

2.4.1 Multi-Loop Architecture

According to the specifications defined in the previous section, we first recognize the noise figure
requirement. Providing such a low noise figure over the anticipated wide RF bandwidth requires
using a wideband low noise architecture. As mentioned in section 2.2, two major approaches have
been introduced in the prior art. First approach is noise cancelling architecture first introduced in
[4] and then fitted into an N-path version in [7]. Despite showing promising results, this method
needs calibration and its calibration parameter might change at very high RF frequencies due to
phase mismatch between main and auxiliary path. Second approach is to use a resistor in feed-
back around a high gain LNA, first introduced as reactance cancelling architecture [5] and then
utilized in an N-path channel selection architecture [8] and in frequency translational feedback

architectures ([18],[19] and [20]). In all of the previous utilizations of this method in receivers
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with translational loops and N-path filters, they either fail to maintain S;; <-10 dB over the entire
channel bandwidth or meet it marginally. This is a topic that we will discuss and resolve later in
this section. For now, we will focus on another interesting problem arising from the fact that our
receiver should be able to support 200 kHz channel bandwidth of cellular standards as well as 160
MHz of WiFi 6 which are different by a factor of 800. To support 200 kHz bandwidth with the
noise figure of ~2 dB we should make sure that our first baseband stage has large enough tran-
sistors whose flicker noise do not dominate the noise figure at 100 kHz (or even less) offset. In a
regular receiver, first baseband stage (op amp) will be preceded by an RF gain stage - of gain A; —
as shown in Fig. 2.8a to relax the noise requirements by reducing the noise of baseband transistors
in the first baseband stage by a factor of A?. In the case of our receiver, however, using this method
does not suffice because even with a single RF gain stage , in order to keep noise figure in the
required range, the transistors in the first baseband stage must be chosen so large that their para-
sitic capacitance does not allow receiving 160 MHz channel bandwidth. As will be discussed later
in this section, we choose 40 nm channel length for our RF gain stages and we will use inverter
architecture to reuse the current and maximize the gain which results in a gain of ~19 dB. The
idea is to add another gain stage — of gain A, — in cascade with the first gain stage as shown in Fig.
2.8b. This will boost the RF gain by a factor of A ~ 10, which in turn improves the input referred
flicker noise by a factor of 100. From another perspective, it would be possible to maintain the
same noise performance with baseband transistors shrunk by a factor of 100, making it possible to

receive 160 MHz channels.

n

A1 (A Az)
(a) (b)
Figure 2.8. (a) one and (b) two RF gain stages preceding the baseband stage (op amp).

In spite of solving the conflict between flicker noise and 160 MHz channel reception, the idea

13



of preceding the baseband stage with a large RF gain has its own shortcomings. While the out-of-
band blockers will be handled in the RF gain stages using N-path filters and will be discussed later,
close-in interferers at the input of the LNA can cause large swings at the output of first and second
RF gain stages which results in receiver non-linearity. To overcome this problem, we start with
an observation. Suppose in the circuit of Fig. 2.8a we replace the A, and the op amp stage with
their transistor small signal equivalents as in Fig. 2.9a. We have also removed the mixers and are
analyzing the baseband equivalent of the transnational circuit. Now we can write the input referred

noise of the op amp stages as:

V2
VnQinput = = 2 (21)
’ (Gm2R2)
And the gain of the RF stage as:
Vx,
= —GmaR 2.2
v 212 (2.2)
irs
Gmz T2 g:nT
Vin Vin X OF —o Vour
— v2 — 22
V2 " vz2 <_/ .
(GmaR2)? (GmaR2)?

(a) (b)
Figure 2.9. Baseband equivalent of an RF gain stage preceding the op amp (a) without feedback
and (b) with feedback.

Now we add a feedback around the baseband stage as in Fig. 2.9b. We assume switch resistance
of R, for the mixer and that the feedback resistor. Also, we assume that R g3 is much smaller than
the output resistance of the op amp, R, and that Rp3 >> R, which both are valid in this design.
The input resistance looking at node X5 is equal to Ry, = R, + 1/Gpr. The RF gain from input

to node X, could the be written as:

VX GmQRZ
2 = —Gpa(Rs||Rx,) = ————F— (2.3)
‘/; ’ 1 + 1+GGVW':nTT1%REsw

For the sake of simplicity we assume that Ry, << Rs. This assumption will help simplifying

the analysis of input referred noise. A more detailed analysis with more general assumptions is
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presented in appendix I. the overall gain could be expressed as V,,;/ Vi, = G2 Rrs and the output
noise as V, it = —[(Rr3 + Rsw + R2)/(Rsw + R2)]V, = —(Rp3/R2)V,, which leads to an input

referred noise of:

V2 V2
V2 oL = e = ——n (2.4)
T (R T (Gl

As evident from equations (2.1)-(2.4), the feedback method results in a reduced RF gain by
a factor of [1 + (G,rRs)/(1 + RewGrur)]? while maintaining same noise performance as the

open-loop configuration.

V.

in o V,

out

Vnz1 AA

(GmiR1)?

Figure 2.10. Baseband equivalent of two RF gain stages preceding the op amp with nested feed-
back.

Based on our observation, we now repeat this technique once more in the cascaded RF archi-
tecture of Fig. 2.9b that results in the circuit shown in Fig. 2.10. With V,,; being the input referred
noise of the op amp with respect to the second RF stage and Ry >> R;. We should point out that
the eight op amps are in fact implemented as four differential op amps and in order to maintain
the negative polarity of the feedback, R, and Rr3 are connected to the opposite outputs of each
differential op amp, however for the sake of simplicity it has not been depicted in Fig. 2.10. It is
worthy to note that in this second loop, the mixer switch is in the feedback path in series with Rpo,
hence can be absorbed in 22 without the loss of generality. Another important point to mention
is that the op amp has a high gain, hence X; and X, could be considered as ground compared
to the output node,V,,;. Therefore, the current generated in op amp will be divided between Rz
and Rp3 in inverse proportion to their resistance. First outcome of this observation is that the input

resistance of node X, will be Rx, = Ry, + (Rp2+ Rr3)/(RpaGmr) » hence the gain of the second
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stage can be written as

Vx Gma Ry
V 2 — —Gm2(R2HRX2) = - 1 Gy RoRpo (25)
X1 GmrRswRp2+Rp2+Rr3

Now we will calculate the gain of the first gain stage. We start with the input resistance at X;. We
fairly assume Ry, << R,, hence the current generated by G,,» will be directed to Ry3 make it
necessary for a current of G,,,5( Rp3/Rr2) to flow in R, hence the input resistance of X; would

be Rx, = Rpa/(Rr3gm2) , resulting in the gain of:

VX Gml Rl
= —Gmi(R||Rx,) = T G REs (2.6)
V;n 1 + m2R F12 F3
So the overall gain of the first two stages from the input to node X is:
VX2 - GmlRleQRQ (2 7)
T GmaRiR G Ra R )
Vi (1 + Rpo FS)(l + GrrLTstgF2+;F2+RF3)
We assume Ry, << Rj, hence the overall gain of this circuit would be V,;/V;,, = —G,,1 Rp2 and

the output noise could be written as V;, ot = —[(Rp2 + R1)/(R1)]Vi1 =~ —(Rp2/R1)V,1 which

leads to an input referred noise of:

V2 _ Viow Vi v
n,input,CL (%)2 (Gm1R1)2 (GmlRle2R2)2

(2.8)

Equations (2.7)-(2.8) show that we are able to maintain open-loop noise performance while

reducing the RF gain by a factor of (1 + %)(1 + Ri”ﬁiﬁﬁ{ﬁg —7;) - Fig. 2.11 shows

the effectiveness of this method in reducing the input referred noise of the four differential op
amps used in this design. It shows that a single loop structure reduces the noise by a factor of
~40 while the dual loop structure leverages two gain stages, hence reducing the input referred
noise by a factor of ~ 1500. The dotted horizontal line in this plot, indicates the thermal noise
level of a 50 () resistor to give us an idea of the magnitude of the input-referred noise in each
scenario. Using this method we are able to solve the flicker noise and channel bandwidth trade-
off without increasing RF voltage gain, hence keeping the receiver linearity within the required

limits. Fig. 2.12 depicts the input-output characteristic curve of the three stage receiver with
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and without feedback suggesting a 10 dB improvement of the 1-dB compression point after using
the feedback technique. Moreover, since the RF nodes are loaded by a small impedance, their
parasitic capacitance imposes much less impact on the gain and phase response of the LNA at

higher frequencies which makes it more suitable for wideband applications.
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Figure 2.11. Input referred noise of the four differential op amps with and without RF gain stages

in feedback.

Now we will focus on input matching. We aim to provide input matching through a global
feedback around the whole dual-loop structure as depicted in Fig. 2.13, making it a multi-loop
design. Once more, we mention that the current at the output of the op amps, will be divided
between the feedback resistors in an inverse proportion to the resistors values. We know that the
current flowing through Ry is equal to V;,,(G,,1 R1)/(R1 + Rx,) , hence, the current returning to
the input node will be V,,[(G1R1)/(Ry + Rx,)|(Rr2/Rr1) which results in an input impedance

equal to

(R1+ Rx,)Rr1
GmlRl RF2

Rin = (2.9)

It is worthy to note that input impedance in this case depends on ratio of Rp;/Rpo rather than
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Figure 2.12. Input-output characteristic of (a) the three-stage open-loop and (b) the three-stage

closed-loop architectures.

their absolute values which is much more robust to process variations knowing that both R and
Rpy are implemented as poly resistors with large process variation in their absolute value. In
this design we choose R /Rpy = 3 that provides sufficient input matching over the entire RF
bandwidth, noting that at higher frequencies parasitic capacitors will result in an increase in the
magnitude of input impedance and also add a positive reactive component to it which will partially

cancel the input node parasitic capacitance.

Rrs3
AAA
vy
GmT
Rs
" >—>b—o Vout
vs() |_>

= Rin wv
Re2
AAA
vy
RF1

Figure 2.13. Addition of the global feedback for matching.

Finally, it is worthy to note that the actual circuit with mixer switches consists of eight switches
in each feedback path, driven with non-overlapping clocks and four differential op amps, depicted

as eight single-ended op amps in Fig.2.14. The noise figure and 1-dB compression point are
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depicted in Fig.2.15 across the entire RF bandwidth, showing the effectiveness of the proposed

multi-loop architecture.
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Figure 2.14. Multi-loop translational feedback.
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Figure 2.15. (a) Noise figure and (b) 1-dB compression point of the proposed multi-loop architec-

ture across the RF range.

24.2 Baseband G,,, Boosting

As depicted in Fig.2.14, We are using 3 different feedback paths from the output of the baseband
amplifier to the three RF nodes, i.e. V;,, X; and X,. In order to guarantee the linearity improve-

ment, we have to make sure that the voltage swing at the RF nodes is small. To this end, the input
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resistance provided by the feedback paths to each of the RF nodes must be small. In order to sim-
plify the problem, let’s take the circuit of Fig.2.16a in which a single RF gain stage is followed by
a set of eight mixer switches driven by 12.5 % clocks and a set of eight baseband amplifiers. We
seek to find the input resistance of looking through the feedback network. At each point of time,

one of the switches is turned on and the equivalent Miller impedance presented to node V,, is:

Rp

Lip = ————— 2.1

Rr
(a) (b)
Figure 2.16. (a) A translational feedback loop and (b) its equivalent model from the input

impedance perspective.

Although, the 1+ A; A, factor is large, in order to reduce Z;,, we have to take a value for R that
will heavily load the output of the baseband amplifier and reduce its gain. Therefore just reducing
R does not help. If we want the baseband amplifier to be able to drive a small Rz, we inevitably
need to increase its power consumption which is not desirable. To tackle this problem we start with
a simplified model of the circuit in Fig.2.16a. On the right side of the mixer switches connected to
Vin, we technically have an equivalent resistor equal to R., = Rp/(1 + ApA;). At each point of
time, one of these equivalent resistors is connected to the V;,,, therefore showing an equivalent RF

impedance of Z;,, = Rp/(1+ AgA;). The equivalent circuit is depicted in Fig.2.16b. Interestingly,
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it could be proved that if we add a capacitor in parallel to each resistor as in Fig.2.17a - so that to
change it to a low-pass impedance that drops to very small values at wyo and its harmonics- the

equivalent impedance at V;,, would be equal to:
R,

T = 2.11
8(1 + ReyCrAw) @11

- T LO,..
v + > 315 A,
NN Loo315 *~— |—o/

LO
o 315

Zin(jAw) I
CH I Req CH I RF

(a) (b)

Figure 2.17. (a) Boosting the input impedance by means of baseband hold capacitors and (b)

implementation of this idea in a translational feedback loop.

where Aw is the frequency offset from wr. If we assume that the channel bandwidth (CBW)

of interest is much smaller than (R.,Cj)~", the equivalent input impedance would be:

T = (2.12)

This shows that by choosing a value of Cy such that CBW << (R.,Cy)™! << wro we
can reduce the input impedance by a factor of eight. Now we implement this idea in the circuit
of Fig.2.16a which results in the circuit depicted in Fig.2.17b. By employing this technique, for
a desired input impedance, we can use eight times larger Rr which can be drive by eight times

smaller (G,, in the baseband amplifier that consumes eight times less power. The mathematical
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explanation of the equivalent impedance of an N-path filter with low-pass load is presented in

appendix II. As a simple explanation for this improvement, we can look at a single branch of

Baseband
Section

Y Gmi1 Gm2 Gmt
| o o4 8 oV _voutB

out1

x8

(a)

Figure 2.18. Multi-loop receiver architecture after the addition of hold capacitors.

Fig.2.17b. without the capacitor, the feedback resistor only draws current when the switch is on
and when the switch is off, the current in the baseband amplifier is wasted. When we add the
capacitor to each branch, even when the switch is off - for 7/8 of the time -, the baseband amplifier
draws current through the Ry and stores charge on the top plate of the capacitor which we call
hold capacitor”. When the switch turns on - for 1/8 of the time -, not only the R draws current,
but also the charge stored on the C'y; will flow through the switch as a current - which is seven
times the current drawn by Ry -, hence, the overall current drawn from V;,, is eight times larger
compared to the previous case. Using this method, we add hold capacitors to all of the three
feedback paths of Fig.2.14 to benefit from the (,,, boosting property of this technique at all of the
three RF nodes.(Fig.2.18)
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2.4.3 Proportional Capacitor Allocation

We now need to explain the filtering method used in this architecture to select the desired channel.
We need to filter the signal at the first point that we have a high voltage gain which in the case
of our receiver, is the output of the op amps. To this end, we add capacitors in parallel with
the feedback resistors as show in Fig. 2.19. The key point here is that in order to avoid any
impact on the RF gain of the first and second stages as well as any change in the input impedance
of the receiver, the three RF nodes should not “feel” any changes in their load impedance due
to channel selection. This means that the current generated by the op amps, should be divided
between the three feedback branches with the same proportion regardless of baseband frequency.
This condition translates to addition of capacitors in parallel with the feedback resistors whose
values are inversely proportional to the value of the resistors. This technique not only prevents
RF channel selection, hence, avoiding center frequency shift, but also maintains input matching
within the required limit over the desired channel bandwidth and beyond, which was a problem in

previously reported receivers with translational feedback loop.

o Vout

Figure 2.19. Proportional capacitor allocation.

It is beneficial to have a closer look at what causes input impedance matching problem in the

presence of channel selection and our solution for that from another more general perspective.
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Suppose we have added the channel-select capacitors to the two inner feedback loops, but the
outer loop consists only of a resistor (Fig. 2.20a). As shown in Fig. 2.20b, we can model the
whole three stages of the receiver performing channel selection with an amplifier having a transfer
function of A(jAw) = Ap/(1 + jAw/pen) Where Aw = w — wyo is the frequency offset from the
LO frequency and ppp represents the baseband pole. This transfer function results in an equivalent
input admittance of Y;,,(jAw) = (1 + A(jAw))/Rp =~ A(jAw)/Rr1 = AoGr1/(1 + jAW/per),
with Gp; = 1/Rp;. Assuming that for proper matching at the center frequency, Ry is chosen
such that AGr1 = Gs = 1/Rg , at the edge of the desired channel where Aw = +p., we will

have Y}, (jw) = Gs/2(1 &+ j). Hence, at the edge of the channel we will have the following Si;:

(0.5Gs)2 + (0.5G,)?
(1.5Gs)? + (0.5Gg)?

S11 = 10log| | =-7dB (2.13)

That exceeds the allowable —10 dB threshold. This is the reason for S;; degradation in the prior
art. Here, it is worthy to note two additional drawbacks of using only resistors in the outer feedback
loop. First, we calculate the overall gain of the system from input source to the output. Assuming
Ag >>1 and Rp1/Ay = Rg for proper matching, we can write the input impedance as Z;, =
(Rp1/A0)(1 + jAw/pe) = Rs(1 + jAw/per). Now we can write the overall gain as:

21+ jAw/ (2pen)]

‘/out o Zz
Vs Zip+ Rs

A(jAw) =

(2.14)

Which implies that using only resistors in the feedback for matching will double the baseband
bandwidth of the overall system, which requires to double the baseband capacitors in parallel to
Rps and Rpo in order to maintain the desired bandwidth that is a huge area penalty. Second,
We assume a parasitic capacitance at the input node, C,,,, which introduces a positive imaginary
admittance at the input, jCpq,wro. On the other hand, the input admittance presented due to the

feedback will be:
_ 1 — jAW/pen
Rg(l + AwQ/pih)

Yin(jAw) = 1/Zi(Aw) (2.15)
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Figure 2.20. (a) Using only resistive feedback in the outer loop while the inner feedback loops
include channel-select capacitors, (b) its simplified equivalent and (c) addition of the feedback

capacitor to the outer loop.

Which shows that the real part of the input admittance decreases as the input frequency de-
parts from wy,o in either direction. However, the imaginary part of the input admittance becomes
negative as the input frequency takes values greater than wy o, hence partially cancelling the posi-
tive imaginary admittance of C),, and increases the gain, while taking positive values as the input
frequency becomes less than wy,o, hence adding up with the admittance due to C,,, and reducing
the gain. This phenomenon results in an asymmetric frequency response with the center frequency
shifted to the right of wyo. Interestingly, there is a systematic solution for this problem. If we
add a zero to Y;,(jAw) equal to its pole, we can make its value constant, regardless of baseband
frequency offset and solve all of the forgoing issues. To this end we add a baseband zero to Yy

and change it to Y (jAw) = (1/Rp1)(1 + jAw/per) and implement it by adding a capacitor Cpy
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in parallel with Rpy (Fig. 2.20c) such that ppg = 1/(Rp1Cr1). This result explains the logic

behind proportional capacitor allocation from another perspective.

In order to have a better evaluation of the effect of adding capacitors in the matching feedback
network, Fig. 2.21a depicts the input matching with and without capacitors in the feedback path
which clearly shows how adding the capacitors extends the input matching far beyond the channel
bandwidth. Also Fig. 2.21b illustrates how adding the feedback capacitors helps keeping the
channel bandwidth from being doubled and shifted to the right. Both plots in Fig.2.21 are for a
200 KHz channel bandwidth configuration at 1 GHz LO frequency.

——W/O Capacitors in the feedback —W/O Capacitors in the feedback
2 —W/ Capacitors in the feedback | - 2r —W/ Capacitors in the feedback |

S, (dB)
Normalized Gain (dB)
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(@ (b)
Figure 2.21. (a) Input Matching and (b) Frequency response of the receiver with and without

capacitors in the feedback.

2.4.4 Low-Power, Wideband Op Amp Topology

In this section we will discuss the op amp used as the first baseband section. We start with the
simple differential pair topology shown in Fig.2.22. Four of these op amps are to be used in the
8-path multi-loop feedback architecture. To each output of the op amp three feedback resistors are
connected that steer the current produced in the op-amp to the three RF nodes of the receiver. As

mentioned earlier we seek to reduce the equivalent resistor at the RF nodes as much as possible
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which means we prefer to steer as much of the current generated in the op amp as possible to the

feedback paths.

(a)

Figure 2.22. A differential pair as a one stage op amp.
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(a) (b)
Figure 2.23. (a) A simplified model of the op amp in feedback and (b) accounting for the parasitic

capacitance at the output of the op amp.

Now since we cannot use large transistors with long channels, the channel resistance of the
transistors in the differential pair together with the common-mode feedback resistors will be com-
parable to the feedback resistors and absorb part of the op amp current which is not desirable.
Therefore, we seek to increase the op amp output resistance as much as possible. Increasing the op
amp output resistance is also important from another perspective. Suppose that we have added the
channel-select capacitors to the feedback paths and that the op amp output resistance is comparable

to the feedback resistors as conceptually depicted in Fig.2.23a. At frequencies much less than the
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channel bandwidth, the op amp output current is divided between the Ry — Rp3 and R, As
we get closer to the channel bandwidth and the capacitors impedance becomes comparable to that
of the resistors, the op amp current prefers to go to the feedback paths more than it prefers to go
to R,.:. Therefore, the RF nodes will ”feel” the channel selection and the undesirable asymmetric
frequency response shift will occur as discussed in the previous section. One solution would be
to add a capacitor from the output of the op amp to the ground to follow the rule of proportional
capacitor allocation which is not desirable due to its area penalty especially for narrow bandwidth
standards such as GSM. The other option is to add a negative capacitance to negate the op amp
output resistance. To this end, we add a tiny cross-coupled pair to the output of the op amp whose

negative resistance cancels out with R2,,;. This modification is show in Fig.2.24a.
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(a) (b)
Figure 2.24. (a) Negative resistance added to the op amp in the form of a cross-coupled pair and

(b) negative Miller capacitance added to the output of the op amp.

Now that we have removed the op amp output resistance, we focus on another problem. the
transistors used in the op amp and its subsequent stage introduce parasitic capacitance(Fig.2.23b).
This parasitic capacitance will be comparable to the feedback channel-select capacitors of the
wideband channel configurations such as 160 MHz channel bandwidth of WiFi 6. Let us have
another thought experiment. Suppose we start from small baseband frequencies where the op amp
current is divided between the three feedback paths in an inverse proportion to their resistor values.
As we get closer to the frequencies comparable to the channel bandwidth, the capacitors begin to

take over and indicate the the current division factor. Now C),,, will also draw a portion of the
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op amp current which means that less current will go to the RF nodes through the feedback paths,
RF nodes will "feel” the channel selection and the frequency response gets asymmetric. To solve
this problem we introduce a negative capacitance at the output of the op amp using the gain of

subsequent baseband amplifier and the Miller effect as shown in Fig.2.24b.
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Figure 2.25. Frequency response of the two stage amplifier with and without the proposed tech-

niques.

Using these two techniques, i.e. cross-coupled negative resistance and Miller negative capac-
itance, we have introduced a high gain, wideband op amp which consumes only 1.5 mW. The
frequency response of the op amp before and after the modifications is depicted in Fig.2.25 show-
ing the effectiveness of the proposed techniques in increasing the gain without any sacrifice in the

bandwidth.

2.4.5 Blocker Rejection N-Path Filter

Although the multi-loop architecture maintains the RF gain low enough for the desired signal and
close-in interferers to avoid non-linearity, the RF gain is not low enough to prevent large out-of-
band blockers from compressing the receiver. In order to address this problem, we need to have

frequency selective filtering at the first and second stages that attenuates out of band signals while
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amplifying the desired band. This feature calls for an N-path filter to be added to the input and
output of the first and second stage of the LNA. However as depicted in Fig.2.26b, the out-of-band
rejection of a N-path filter (Fig.2.26a) is limited by the resistance of the switches. Therefore, we
place the N-path filter around a gain stage to benefit from the Miller effect, hence reduce the size
of the N-path switches and capacitors. However as we will see in this section, this technique has

more interesting properties.

Fig. 2.26¢ shows the baseband equivalent of an N-path filter placed around a gain stage. Writ-
ing KCL at nodes V;,, and V,,; will lead to the following relationships for the transfer function
from Vg to V;,, and V,;:

‘/in 1+ j(st + RL>Cquw

— 2.16
Vs 1+ j(Rew + Ri + Rs(1+ GpR1))CogAw (2.16)

1+ j(Rgpy — 2= )CopAw
Vour _ —gm R —— i Gy )Cen (2.17)
1+ ](st + RL + RS(1 + GmRL))Cquw

(a) (b)
Figure 2.26. (a) An N-path filter, (b) its frequency response and (c) baseband equivalent of an

N-path filter placed around a gain stage.

The above relationships show that both V;,, and V,,; have the same pole in their transfer function
which clearly shows the Miller effect. But what is more important than the pole is the zeros that we
have in the two transfer functions. Zero is an undesirable part in both transfer functions as it limits
the out of band rejection. While we cannot eliminate the zero or push it to higher frequencies at
the input of the gain stage, we can do this about the zero at the output transfer function and the
output transfer function is the most important one as the amplification takes place at the output. As

evident from (2.17), if we choose Ry, to be equal to 1/G,,, we can eliminate the zero and enjoy
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unlimited out of band rejection. It is important to note that as (2.17) suggests, it is not a good idea
just to reduce R, as much as possible. There is an exact optimum for its value. To have better
understanding of how the output transfer function changes with the value of Ry, the normalized

transfer function of the circuit shown in Fig. 10(a) is depicted in Fig. 2.27 for different values of

Ry
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Figure 2.27. Frequncy response of the circuit shown in Fig. 2.26¢

Figure 2.28. Addition of blocker rejection banks to the receiver.

Fig. 2.27 clearly shows that the optimum value for Ry, is 1/G,, and reducing it more will
limit the out-of-band rejection. Choosing R, = 1/G,, is the best choice for receivers with lower

maximum frequencies, almost up to 3.5 GHz or the ones with 4-path structures that have a smaller
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number of switches. In our case, however, we have eight paths in order to reject harmonic blockers
up to the sixth harmonic. This number of paths requires higher clock power consumption and also
adds more parasitic capacitance to the RF nodes, hence reducing the gain and increasing noise
figure at high RF frequencies. Both of the above-mentioned issues lead us to choose Ry, ~ 3/G,,
for the total switch resistance of the two N-path filters placed around the first and second stages of
the LNA (Fig.2.28). These two banks are on only for the low band standards that have stringent
blocker rejection requirements. Fig.2.29 shows the frequency response at the three RF nodes of the
proposed receiver which show that these two 8-path filters provide a ~27 dB out of band rejection

at node X, which serves an important role in keeping the receiver linear.
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(a) (b) (©)
Figure 2.29. Frequency response of the receiver over the desired and out-of-band frequency range

at (a) the input node, (b) node X; and (c) node Xo.

2.4.6 Frequency Response Correction Bank

Another phenomenon that manifests itself as we increase the channel bandwidth is that other base-
band nodes also add poles to the transfer function that will skew the shape of frequency response,
make it fall steeper on the left side of the center frequency and gentler on the right side of it. Recall
from section 2.4.2 that we have added the hold capacitors in all of the three feedback paths to add
memory and boost the transconductance. The simplified resistor and capacitor equivalent model

of the 8-path feedback routes used in the receiver is depicted in Fig. 2.30.

32



LO,

Q

—

?'

Vin

- LO

L o 315
LS

zin(jAw)
CH I Req

Figure 2.30. An 8-path structure with resistors and capacitors as baseband impedance.

Although our goal is to have an impedance of Rpp/8 at the input, we should keep in mind
that over a frequency range wider than our channel bandwidth of interest, the hold capacitor
becomes comparable to Rpp and the input impedance would be represented as Z;, = Ry, +
[Resl||1/(jCrAw)]/8 that introduces a pole much larger than the desired channel bandwidth.
Same argument applies to the three channel selection banks that we have in our receiver. As we go
from the lowest frequency standard supported which is at 400 MHz with 200 KHz channel band-
width to the highest frequency one which is at 6 GHz with 160 MHz channel bandwidth, carrier
frequency scales up by a factor of 15 which allows us to use 15 times smaller hold capacitors.
Meanwhile, channel bandwidth scales up by a factor of 800. This means that at 6 GHz with 160
MHz channel bandwidth, The unwanted added poles are a factor of ~53 closer to the channel

bandwidth.

We now seek to analyze the effect of the added poles on the overall frequency response of the
receiver. For the sake of simplicity, let us assume that only the two inner loops incorporate hold
capacitors ad add extra poles to the system (Fig. 2.31a). The simplified equivalent of the circuit
in the blue dashed box is shown in Fig. 2.31b. Now let us take a look at the input admittance of
this circuit. The parasitic capacitance of the input node is depicted in gray to emphasize that it is
considered to be in the RF domain, hence should be treated as a constant imaginary admittance in
our analysis. Looking through the input node, we aim to calculate the input admittance including

the source admittance. According to this design, both baseband nodes X; and X, add an extra pole
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of almost same frequency py to the V,,,; /V;, transfer function. In the frequency range of our interest
which is smaller than py, we can approximate the two poles at py with one pole at p., = po/2. In
practice,the two mentioned baseband nodes will add a pair of complex poles at py = p, £ jp;
due to the inner feedback loops, but still we can approximate those poles with a single pole at
Pex = (P2 + p?)/(2p,) inside our frequency range of interest. Thus, the approximated transfer

function would be:
Ay

A(jAw) = — 2.18
(jAw) (14 jAw/pen) (1 + jAW/pes) ( )
""""""""""""""""""""""""" Crs |
Rr3
Gm1 Gm2 Gmt

’_D_‘ _ro Vout C
Is Rs C : X1 X2 CHSI : F

Yin(jAw) cHz-T- :’;:E‘
__________________________________ I o | . . Vout
R }— L |—>: I . A(jAw)
_C|F1 Yin(jAw)
(a) (b)

Figure 2.31. (a) Base band equivalent of the Multi-loop structures and (b) its simplified model.

With Aw = w — wr and p., being the baseband channel bandwidth. Also, please note that
this transfer function is symmetric around Aw = 0. Now assuming that A(jAw) >> 1 in our
frequency range of interest, which is a valid assumption, the input admittance including the source

resistance can be written as:

(Gp1 + jCr1Aw)Ag
(1 + .]Aw/pch)(l + jAw/pex)

Where Gs = 1/Rg and Gp1 = 1/Rpy. From section 2.4.3 we know that (G g1+ jCr1 Aw) Ao/ (1+

(2.19)

Yin(jAw) = Gs + jCparwro +

JAw/pen) = G, therefore, we can simplify (2.19) as:

Gs

- 2.20
1+ jAW/Pes ( )

Y;n (]AW) = GS + ijaerO +
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The overall transfer function from I, to Vy,; is Hyo (jAw) = A(jAw)/Yin(jAw). Knowing that
A(jAw) is symmetric around 0, For the overall transfer function to be symmetric, Y}, (7Aw) must
be symmetric too. However, from (2.20) we can see that because of the parasitic capacitance and
the frequency dependent feedback component, the symmetry cannot be maintained. As a simplified
explanation, we can say that the feedback part of Y}, which is Gs/(1 + jAw/pe:), shows an
inductive imaginary part for Aw > 0 which partially cancels jC,,,wr0, hence decreasing overall
Y}, which results in an increase in Hy,;(jAw). On the other hand, for Aw < 0, Gs/(1+ jAW/pes)
shows a capacitive imaginary part which adds up to jC)q,wr0, increasing overall Y;,, which makes
Hy:(jAw) smaller. As a result, the overall transfer function falls with a steeper slope on the left
side of wro compared to the right side. To address this problem, we need to examine (2.20) more
carefully. In order to solve the problem of asymmetry, we either need to eliminate jCpq,wro from
the expression or remove dependency of the feedback admittance, i.e. G/(1 + jAw/pe,) to Aw.
Eliminating jCp.wro is not a feasible since it needs either an inductor which will work only at
a certain frequency range or a negative capacitor which is not practical at 6 GHz. To remove the
dependency of Gis/(1 + jAw/p) to Aw, we need to add a zero to it which is equal to its pole.
Therefore, the feedback admittance should be modified as in (2.21):

Volaw = Gt iAw/pe) _ Gs 1
in 1+ jAW/Pes L+ jAw/per g + 5

(2.21)

In other words, we need to add an element with impedance of 1/(Gs + pe./(jGsAw) in parallel
to the admittance looking through the feedback network. Surprisingly, this element is an 8-path
structure with switch resistance of 1/G and a G's/(8p.,) capacitor (Cgs) in each path as shown
in Fig. 2.32a. We can go a step further and place this 8-path structure around the first stage, hence
reducing required switch and capacitor (Fig. 2.32b). One might wonder why we did not assume
parasitic capacitance at RF outputs of the first and second stages of the LNA (nodes X; and X5).
The answer is that we have parasitic capacitance at those two nodes too, but the ratio of capacitive
load to resistive load is smaller at these two nodes compared to the input node as a result of
stronger feedback. Secondly, node X faces a similar issue with much less severity because it only

sees a single extra pole at p, rather than a two-pole system. Thirdly, node X5 does not experience
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this problem, in fact, it experiences the opposite as it sees the load of [(Rp1Rps + Rp1Rps +
RroRp3)/(Rp1Rr2Grr)||1/(7CH3Aw))] /8 whose imaginary part is capacitive for Aw > 0 and
inductive for Aw < 0 which causes an asymmetry in an opposite direction compared to node X;.
This property partially compensates for the asymmetry caused at node X;. Finally, placing the
added 8-path filter around the first stage, lets the added 8-path filter to help correct the asymmetry

at node X; in addition to the input node.
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Figure 2.32. (a) Addition of the frequency correction element and (b) addition of frequency cor-

rection bank to the receiver.

It is worthy to note that approximating the two added poles with one pole holds for small

frequency offsets. As the baseband frequency becomes comparable to the added unwanted poles,
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the receiver will behave like a 3-pole system that can shift the phase of the gain by more than 180°-
hence the input impedance by more than 90 °- which results in an input impedance with negative
real part that can cause gain peaking in an undesired frequency offset or instability in the worst case.
Adding the frequency response correction bank guarantees the stability of the feedback system and
the elimination of the gain peaking. Fig. 2.33 illustrates the frequency response of the receiver with
160 MHz channel bandwidth at 6 GHz LO frequency with and without the frequency response
correction bank. It clearly shows how adding this bank will assure frequency response symmetry

in the desired channel bandwidth and solves the problem of gain peaking at large frequency offsets.
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Figure 2.33. Frequency Response of the receiver at 160 MHz channel bandwidth with and without

the the frequency response correction bank.
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2.4.7 Multi-Loop Receiver Implementation

Now that we have developed our multi-loop receiver solution, we continue to explain its imple-
mentation. As shown in Fig. 2.34 it comprises two RF gain stages and four differential baseband
op amps. The eight outputs of the op amps are connected to the three RF nodes in the sigal path,
i.e. Vin, X; and X, via three sets of 8-phase mixers driven by non-overlapping clocks. We have
put eight capacitors between the the baseband side of mixer switches and ground to add memory

to the baseband impedance and boost the transconductance of the baseband op amps.
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Figure 2.34. Proposed receiver architecture.

First two RF stages are implemented as self-biased inverters to create most possible trans-
conductance for a specific current consumption (Fig. 2.35a). In the second stage, width of the
transistors are chosen to be a factor of 2.35 smaller than the first stage. First and second stages
are separated by a 600 fF AC coupling capacitor in order to allow second stage to be self-biased.
Also, since the equivalent resistance looking through the mixers is small; it requires a large AC
coupling capacitor between second stage and mixers whose parasitic capacitor to substrate limits

RF bandwidth. To avoid this problem we add a small resistor between the PMOS and NMOS
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at the output of second stage to shift the DC level and make it suitable for the op amp’s PMOS
differential pair bias. This resistor is small compared to the output resistance of NMOS and PMOS

transistors, thus has a small impact on the gain of the second stage.
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Figure 2.35. Circuit implementation of (a) the two RF gain stages and (b) op amp and post ampli-
fier.
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Figure 2.36. (a) Circuit implementation of the baseband harmonic combiner and (b) Reconstruc-

tion of a sine waveform using eight non-overlapping LOs.

Op amp architecture has been discussed in section 2.4.4 and is depicted in Fig. 2.35b. The
outputs of the post-amplifiers are then applied to two baseband harmonic combiners to derive |
and Q signals. each of the combiners are implemented as a pseudo-differential amplifier with a
feedback resistor and eight inputs that are connected to eight weighted resistors (Fig.2.36a). The
resistors are weighted such that they can resemble the sine wave from eight non-overlapping clocks

as shown in Fig.2.36b. For the I output, we simply change the order of the inputs to resemble
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a cosine wave. It is worthy to note that this design brings very good accuracy in terms of the
harmonic combiner gain matching since the weighting accuracy depends on the relative value of

the polysilicon resistors which can be realized with sufficient accuracy.

2.5 Harmonic Rejection Technique

2.5.1 The Effect of LO Phase Mismatch on Harmonic Rejection

As an ultra-wideband receiver with 6 GHz bandwidth, The harmonics of the desired signal will
inevitably fall inside the pass-band of the receiver if the desired signal is in the lower range of
the 6 GHz spectrum. As will be explained later in this section, our goal is to reject third and fifth
harmonics. Considering the 6 GHz bandwidth of the receiver, we have to propose a technique
that is capable of harmonic rejection for the signals up to 2 GHz. While harmonic mixing was
proposed in [11], its performance is severely limited by the phase mismatches between the mixer
LOs and the gain mismatches of the combining circuit. Fig.2.37 shows the reconstruction of a sine
waveform using eight non-overlapping clocks and its block-level implementation. [13] proposes
using a cascaded combining scheme that reduces the effect of gain mismatch by ~46 dB. However,
its performance is highly limited by the LO phase mismatch that completely shadows the 46 dB
gain mismatch advantage. As suggested in [13] for an 8-phase mixer, the relationship between

phase and gain mismatch and third and fifth harmonic rejection could be expressed as:

_ sin?(m/8)
B RS = 3 3 J8) (o) 12) + (05/4)7] (2.22)
HR5 — sin’(7/8) (2.23)

9sin2(5m/8)[(04/20)2 + (04/4)%]

in Which HR3 and HRS5 are the 30 values of the harmonic rejection and o4 and o, are rms gain
and LO phase mismatch (in radians) respectively. In order to gain a better understanding of the
relationship between harmonic rejection and LO phase mismatch, Fig. 2.38 illustrates how HR3

and HRS change with the combiner gain mismatch and LO phase mismatch. These plots show
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Figure 2.37. (a) Reconstruction of a sine waveform using eight non-overlapping LOs and (b) its

implementation.

that to have a HR3 and HRS of 60 dB, the LO phase mismatch should be <0.03°. This LO phase
mismatch translates to 42 fs delay mismatch at 2 GHz which is extremely challenging. In order to
reach this LO phase mismatch, [Ru] uses 8f,o input clock to re-time all the 12.5% clocks which is
not a practical solution specially for LO frequencies up to 2 GHz. [13] also suggests using only 1
buffer stage between the clock generation circuit and mixer switches which results in high power

consumption in the clock generation module.

Before we explain our harmonic rejection technique, we want to point out that our focus is on
third and fifth harmonics of LO since the even harmonics experience a sufficient level of rejection
due to differential design of the baseband circuitry and due to the fact that their rejection only de-
pends on the phase matching between LO pairs with 180° phase difference which is much easier to
provide using a 4f; input clock as a re-timer. Also, seventh and ninth harmonics are much farther
from the desired signal and their fold-back on the desired signal at first harmonic is inevitable in

an 8-phase mixer.
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Figure 2.38. Effect of gain and phase mismatch on (a) third harmonic rejection and (b) fifth har-

monic rejection

2.5.2 Half-Sine Mixer

We begin our discussion on the proposed harmonic rejection technique with an observation. What
if instead of mixing the input with a sine wave, we mix it with a half-sine wave, as shown in Fig.

2.39 7 The harmonic contents of the half-sine could be represented as:

S(t) = 0.5sin(wt) + Y cos[2(n — 1)(‘“;2 = (13;3;[2(71 + 1)wt]

n=1

(2.24)

which shows that the half-sine only converts first harmonic and even harmonics to baseband
and rejects all the odd harmonics. Therefore, to reject the odd harmonics a half-sine mixer is
enough. This helps a lot in the implementation stage, since it does not need negative coefficients,

hence no need for differential input.
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Figure 2.39. (a) Half-sine mixer and (b) half-sine wave LO waveform.

In order to implement the idea of half-sine mixer, we can use the circuit shown in Fig. 2.40a

which approximates the half-sine wave as shown in Fig. 2.40b.
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Figure 2.40. (a) Implementation of a half-sine mixer, (b) Reconstruction of half-sine wave and (c)

8-path version of the half-sine mixer.

Fig. 2.41 shows the phasor diagram of the three currents that are accumulated on the base-
band capacitor in Fig. 2.40a. It shows that while the first harmonic components are being added
constructively, third and fifth harmonic components cancel each other. In order to transfer this
harmonic rejection property to the RF, we now need to use a 8-path version of the half-sine mixer

as shown in Fig. 2.40c and call it a "harmonic-reject” 8-path filter. Third and fifth harmonics
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are rejected as predicted by our previous analysis. seventh and ninth harmonics, however, are not

rejected in the 8-phase reconstruction of the half-sine.

A A

(a) (b) ()
Figure 2.41. Phasor diagram of (a) first, (b) third, (¢) fifth harmonic.

Next question is how to use this 8-path half-sine mixer in the signal path to attenuate third
and fifth harmonics. Here, we need to make an important distinction. The fact that the half-sine
mixer rejects third and fifth harmonics only implies that: 1) The third and fifth harmonics will
be attenuated at the RF nodes of this mixer which helps keeping the mixer linear in the presence
of large harmonic blockers. 2) The third and fifth harmonics will be attenuated largely after they
are converted to baseband. However, LO phase mismatch occurs in the conversion process. Take
the third harmonic as an example. The LO phase mismatch manifests itself before the harmonic
blockers are converted to baseband by shifting the phase of the baseband components associated
with the third harmonic, such that a small part of the baseband components coming from the third
harmonic mimics the phase difference properties of a baseband component that is coming from
the first harmonic and does not get attenuated. Then because the phase order of these baseband
components on the eight paths is similar to the phase order of a signal that has been downconverted
from the first harmonic, it will be upconverted to the first harmonic at the RF node. We call
this effect "harmonic fold-back”. It is important to note that this phenomenon can also occur
in a regular 8-path filter. According to our study thus far, we can say that using the harmonic-
reject 8-path filter in the main mixers of the receiver reduces the effect of gain mismatch in the

harmonic combiner because of its harmonic rejection property, but will not help with the problem
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of harmonic fold-back from third and fifth harmonics to the first harmonic caused by LO phase
mismatch which is our main target in this work. This distinction between attenuating a higher
harmonic - i.e. rejecting it - and folding it back on the first harmonic is important and will be

studied in our proposed harmonic rejection method.

2.5.3 Harmonic Trap

Our harmonic rejection method not only should reduce the level of third and fifth harmonics which
reduces the effect of gain mismatch, but also must reduce the harmonic fold-back due to LO phase
mismatch. Fig. 2.42 depicts our solution for harmonic rejection. It comprises of a harmonic am-
plifier and a feedback capacitor to take advantage of the Miller multiplication at higher harmonics.
The overall circuit is called a harmonic trap (H-Trap). The harmonic amplifier rejects signals in
the vicinity of first harmonic of the LO but amplifies higher harmonics by a gain of Ay (Fig. 2.43).
V., represents the n'" harmonic component of the input source and Ry, represent the equivalent
source resistance at the n’* harmonic. The reason that we do not assume the same source resis-
tance for all harmonics is that in all of the RF nodes in the signal path, i.e. nodes V;,,, X; and X5, a
major part of the total resistance comes from the feedback network. For example, at the input node
at the first harmonic frequency we have the equivalent resistance of Rg; = (5082||50€2) = 25Q
from which 50 €2 comes from antenna and 50 €2 comes from the feedback matching network. At
higher harmonics, however, the feedback is much weaker due to smaller conversion factor of the
mixers, which results in the feedback portion of the equivalent resistance being much larger than
the antenna resistance, hence for higher harmonics, Rg,, ~ 50() at node V;,,. Therefore, for n > 1
we have Rg,/Rs1 ~ 2. We start by analyzing the harmonic rejection property of the circuit of
Fig. 2.43. The input impedance of the harmonic amplifier with capacitive feedback C'yy g, could be

written as:

Zin(nwro) = o (2.25)
J(Ag+1)nChrwro '

45



Harmonic
Amplifier

Figure 2.43. A harmonic trap driven with a voltage source.

Which suggests that the input impedance at the n'* harmonic is smaller than its value at first

harmonic by a factor of n(Ag + 1) that can provide a harmonic selective filtering at node Vg g:

Vs

1+jRs1CyRrw ’
VHR,n — J s& HRWLO (226)
: S in > 1
1+j(Ag+1)nRs,nCrrwLO

This shows the harmonic rejection property of the circuit of Fig. 2.43. As we will explain later
in this section, we will exploit half-sine mixers in the implementation of the harmonic amplifier.
Therefore, we aim to compare the H-Trap harmonic fold-back property caused by LO phase mis-
match with that of a half-sine mixer. We start with the simple half-sine mixer of Fig. 2.40c and
assume that the source has a first harmonic component equal to Vi ; and an n’" harmonic compo-
nent of Vs,,. Also assume that due to LO phase mismatch, a portion of of the n’" harmonic will
fold back on the first harmonic at each of the RF nodes, X,, X, and X . with a fold-back factor of

K,,. The ratio of this fold back component, Vx ,, rp that is created due to Vs,, ,to the main first
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harmonic component, Vx ; -due to Vs ;-, i.e. the normalized fold-back component, is important for

us which we call «,, for later references.

. — vX,n,FB o KnVS,n
n = =
Vxa Vsa

(2.27)

Now we assume that the fold-back factor of the harmonic selective circuit inside the harmonic
amplifier is also equal to that of a simple half-sine mixer which is proved in appendix III. Also,
we assume that the fold-back happens at the output of the harmonic amplifier after the input n*”
harmonic has experienced a gain of Ay which is justified in appendix III as well. Since the gain
of the harmonic amplifier is ~0 at the first harmonic, the feedback loop is technically open for the
signals at first harmonic and what ever fold-back component that is generated at the output of the
harmonic amplifier, would simply experience a voltage division between the Cy and Rg ;. Thus,
the magnitude of the fold-back component from the n* harmonic to the first harmonic at node V5

could be expressed with:

JRs1Crrwro
1+ jRs1Crrwro
JAERs1Crrwro Ky,

= — - - Vsn 2.28
(14 j(Ag + 1)nRs,Crrwro)(1 + jRs1Crrwro) % (2:28)

VirnrB = —Viaran An Ky,

Hence, the normalized value of the fold-back component with respect to the main first harmonic
component can be written as:

8, = VHR,n,FB o jAHRSJCHRWLOKn KnVSm,)

_ 2.29
Vir1 1+ j(Ay + 1)nRs, . Crurwro - Vsa (229)

which implies that the normalized fold-back factor of the H-Trap, 3,,, compared to that of the
simple half-sine mixer, o, is greatly improved. In fact, it is reduced by a factor of (Ay Rs1Cy Rwio)/

V14 [(Ax + 1)nRs,Crrwrol®. In the case of input node of the LNA with Rg,,/Rg;1 = 2, this

improvement is greater than 2n which is a factor of 6 for third harmonic and 10 for fifth harmonic.
With the values of Rg,,, Ay and Cyp in this design, the improvement factor of third and fifth
harmonic are 7.2 and 12 which translate to 17.1 dB and 21.5 dB respectively which indicates the

upper bound on the harmonic rejection improvement in the presence of phase mismatch. Another
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important factor that indicates the level of harmonic rejection improvement is how much does the
H-Trap reject third and fifth harmonics before they enter the regular 8-path filters in the signal path
(i.e. B1-B3 and and the 8-feedback paths that connect the outputs of the op amps to each RF node),
and fold back onto the first harmonic. In practice we will instantiate three of these H-Traps at the
three RF nodes in the signal path (Fig. 2.44) which highly reduces the effect of gain mismatches in
the baseband harmonic combiner. The harmonic rejection is then limited by LO phase mismatch
in B1 as the harmonics has been attenuated only by H-Trapl before they enter B1. It depends
on how much the harmonic traps in nodes V,, and X; are able to prevent the harmonic current
from flowing through B1. In other words, H-Trapl attenuates the harmonics right at the input
while H-Trap2 reduces the RF gain of the first stage at harmonic frequencies, hence increasing the
equivalent Miller impedance of B1 at those harmonics which prevents the harmonic currents from
flowing through B1. Monte Carlo simulations suggest that this technique, is able to enhance third

and fifth harmonic rejection of the whole receiver by a factor of ~17 dB.

x8 B3
—
Ces |~
i S R l Harmonic
Combining
B4
x8I x8 . :
CB1 ’ H
1o o] o o : :
V I\ 8
- l/ = Harmonic
2 Combinin
§ Stage1 § Post ; g
= Amp. L Amp. :
:l: :l: out

Figure 2.44. Complete proposed receiver architecture with H-Traps added.
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2.5.4 Implementation of the Harmonic Amplifier

Now we will discuss the implementation of the harmonic amplifier. We start with a common
source stage with a load Z; (Fig. 2.45a) which assumes a small magnitude at first harmonic and
a large magnitude at higher harmonics, therefore presenting a harmonic enhancing impedance. To
implement such impedance, we can take V g1, pass it through a harmonic-reject amplifier and feed
it back to the gate of a PMOS transistor (Fig. 2.45b). In order to implement the harmonic-reject
amplifier, we exploit the concept of half-sine 8-path structure (Fig 2.40c) and transform it to Fig.
2.46 which benefits from the Miller effect of the second stage of amplifiers to better reject the
higher harmonics. To sum the harmonic rejected outputs (Z,-Z.) we apply them to the gate of

three PFETSs whose drain is connected to V.

(a) (b)
Figure 2.45. (a) Conceptual implementation of the first stage of the harmonic amplifier and (b)

conceptual implementation of 7.

To further reject the first harmonic, we use a second stage implemented as a source follower
(Fig. 2.47a) in which Z} 5 is conceptually implemented as in Fig. 2.47b and shown in more details
in Fig. 2.48. Please note that Z;, is operating as a DC current source and a harmonic-enhancing

load simultaneously.

The frequency response of the harmonic amplifier is plotted in Fig. 2.49a for a 1 GHz LO. Fig.
2.49b depicts the frequency response of the harmonic trap of Fig. 2.43 with a Rg,, = 502 and
Cyr = 600fF at 1 GHz LO which clearly shows the effectiveness of this approach in rejecting

harmonics. The peaking on the right of the first harmonic is due to the N-path operation and
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Figure 2.46. Implementation of the harmonic-reject amplifier.

parasitic capacitance which is negligible since signals in the vicinity of the peak frequency are
being largely attenuated by B1 and B2 in Fig. 2.44. Also notice that in the receiver Rg; = 252,

hence less attenuation at the first harmonic.

................................ Var
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Figure 2.47. (a) Conceptual implementation of the two-stage harmonic amplifier and (b) concep-

tual implementation of Zp5.
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Figure 2.48. Implementation of the harmonic-reject amplifier for the source follower stage.

Now we discuss the effect of using the three harmonic traps in the receiver focusing on the level
of harmonic rejection at the baseband output. Monte Carlo simulations on 50 samples at 1 GHz
LO frequency in the schematic mode suggest that with H-Traps off, HR3 and HRS have an average
value of 56.5 dB and 61.4 dB respectively while turning the H-Traps on increases them to 74.3 and
74.8 dB which suggests an enhancement of >17 dB for HR3 and >13 dB for HRS. It is worthy
to note that this enhancement is in the presence of both phase and gain mismatches. Simulations
suggest that if we consider only gain mismatches, H-Traps will enhance HR3 and HRS5 by more
than 26 dB. In practice the layout asymmetry of the eight clock paths driving the 8-path structure

adds up to the random phase mismatch modeled by Monte Carlo Simulations.
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Figure 2.49. (a) Harmonic Amplifier Gain and (b) H-Trap Frequency Response.

2.6 Clock Generation

Clock generation is a critical part of any receiver design, specifically in the case of the receivers
with 8-path mixers, they need to have non-overlapping 12.5 % clocks at f;o. Conventionally,
these clocks are generated using an input clock at 4 f; o and divider stages. While a viable solution
for frequencies up to 4 GHz, this approach is less favorable at higher LO frequencies as 470
synthesizer design proves challenging. Therefore, in this design we use a hybrid clock generation
circuit that works with a 4 f;o input clock for LO frequencies up to 4 GHz using divider-based
clock generation. For LO frequencies above 4 GHz, it uses a delay-locked loop (DLL) to generate
the eight phases of the LO generation with its input clock at fro. First, we discuss the clock
generation circuit based on the frequency division. In this approach a 4 f7, input clock is fed into
two cascaded frequency divider stages as shown in Fig. 2.50a and gets divided by 4. The topology
of the latches used in the dividers is C2MOS as shown in Fig. 2.50b. Then the input clock as well as
the outputs of the first and second dividers are fed into an array of eight NOR gates which provide
12.5% clocks and then goes through four buffer stages before it drives the mixer switches (Fig.
2.51a). The phase order of 4f.0, 2fLo and fro signals are chosen so as to ensure that the 2f;

input O-state will be completely contained inside the f;o input O-state and the 4 f; o input O-state
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is completely contained inside the 2 f; o input O-state considering the delay of the divider stages.
Waveforms assuming reasonable delays for each divider stage as well as the NOR gate is depicted
in Fig. 2.51b. It is important to note that at the NOR gates, each 12.5 % clock rising and falling
edge is being adjusted by one of the 4 f7 differential inputs, hence, reducing the phase mismatch
of the clocks which is important to the harmonic rejection required of the received signals up to 2

GHz.

fLo,0 fL0,45 fL0,90 fLo,135

X

Q| ©
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Q| ©
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Q| ©
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2fL0,0 2fL0,90 210,180 2fLo,270
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4f_
CKino_M
— 4fL0o,180
CKin°—DO—
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N

(a)
Figure 2.50. (a) 8-phase clock generation based on frequency division and (b) Latch implementa-

tion.

For the LO frequencies above 4 GHz, we use an input clock of f;o and generate eight phases
using a DLL. As depicted in Fig. 2.52, the input clock is fed into a delay line as well as a phase
detector. The delay line consists of four differential delay elements. Each delay element is a
pseudo-differential inverter loaded with a varactor (Fig. 2.53) whose value is controlled by the
charge-pump output following the phase detector. Also, since the DLL is designed to operate over
a wide range, each delay element has a 4-bit binary control capacitor bank which allows it to work

from 3 to 7 GHz in order to guarantee its performance at the desired 4-6 GHz frequency range.
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Figure 2.51. (a) 12.5 % clock generation circuit based on dividers outputs and (b) its corresponding

clock waveforms.
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Figure 2.52. 8-phase clock generation based on DLL
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Figure 2.53. Delay Element implementation.
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Figure 2.54. (a) 12.5 % clock generation circuit based on DLL outputs and (b) its corresponding

~Y

clock waveforms.

The eight phases generated in the DLL are then fed into eight NOR gates with the phase order
depicted in Fig. 2.54a in order to generate 12.5 % clocks. The 12.5 % clocks are then delivered
to the 8-path mixer switches through a four stage buffer line. The buffer stages are common

between the clock divider path and the DLL path and are switched to each of them depending on
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the operating frequency of the receiver. The clock waveforms at the inputs and outputs of the NOR

gates are depicted in Fig. 2.54b.

2.7 Experimental Results

The proposed receiver has been fabricated in TSMC’s 28-nm CMOS technology. Shown in Fig.
2.55a, the die occupies an active area of 1.9 mm?. With a 1 V supply, the RF amplifiers draw 9.5
mW, The baseband op amps, post amplifiers and combiners consume 6.4 mW, H-Traps draw 10.5
mW and clock generation circuitry consumes 7.4-28.8 mW depending on the receiver configuration
which results in the overall power consumption of 23.3-49.2 mW. Capacitors in B1 and B2 as well
as all feedback capacitors from op amp outputs are programmable through an on-chip serial bus
so as to support different configurations. It is worthy to mention that in the layout of the baseband
section, supply routing of the four differential op amps and post amplifiers play a crucial role
in harmonic rejection since any major asymmetry in the supply routing between the baseband
amplifier will result in asymmetric DC bias currents and large gain mismatch which results in poor
harmonic rejection. Hence, supply routing of the four differential op amps and post amplifiers
use a binary tree scheme as shown in Fig. 2.55b which balances the voltage drop over the supply
lines, hence, making the DC currents equal. Also all capacitors are implemented as MOM fringe

capacitors with ample linearity.

2.7.1 Gain, Noise Figure, Out of Band Blocker Test and Input matching

Fig. 2.56a shows the measured RF-to-baseband gain of the receiver for 6 different configurations:
200 kHz bandwidth at 1 GHz with and without H-Traps on, 4 MHz bandwidth at 2 GHz with and
without H-Traps on, 40 MHz bandwidth at 5 GHz and 160 MHz bandwidth at 6 GHz. The config-
urations are chosen to demonstrate a variety of channel bandwidths as well as carrier frequencies.
Fig. 2.56b shows the noise figure measurements for the same configurations. First point to notice

is that the receiver is capable of maintaining its noise performance across the RF bandwidth. Also,
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Figure 2.55. (a) Die photograph and (b) binary tree layout scheme of supply lines used for the

baseband amplifiers.

as the black curve suggests, the receiver shows a noise figure of only 2.1 dB at 100 kHz base-
band offset with only 1 dB degradation at 20 kHz offset. Also, when H-Traps are turned on, the
noise figure increases by 1.6-2.1 dB depending on the RF frequency. As the next test, we measure
the out-of-band blocker tolerance of the receiver. We choose the GSM blocker test with a 0-dBm
blocker at 20 MHz offset as the most stringent blocker test to show the superior performance of our
proposed receiver in the presence of large blockers. Fig. 2.57 shows the noise figure vs. blocker
power for the 200 kHz channel bandwidth at 1 GHz RF frequency. The plots show that at the
presence of the 0-dBm blocker, the receiver demonstrates a noise figure of 5.2 dB and 7.4 dB with
H-Traps off and H-Traps on respectively. Since a typical RF generator’s noise floor at 1 GHz is
-152 dBc/Hz, the 0 dBm blocker phase noise at 20 MHz offset, where the desired signal resides,
will heavily dominate the noise figure. To overcome this problem, we use a 1 GHz crystal oscil-

lator with the noise floor of -170 dBc/Hz and apply its output to the input of the receiver through
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Figure 2.56. (a) Gain and (b) noise Figure vs frequency offset for different receiver configurations.

a printed circuit notch filter comprising of a microstrip loaded by 7 LC traps that are separated by

A/4 which provides 11 dB rejection at 20 MHz offset and choose the input signal to be on 980
MHz.
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Figure 2.57. Noise figure vs. Blocker power at 20 MHz offset.

Finally, we study the input matching of the receiver. In order to show its performance, we have

plotted .Sy, for different channel bandwidths and frequency bands in Fig. 2.58. The plots clearly
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show that S;; remains below -10 dB well above the required channel bandwidth in all cases. We
also should mention that eventually it is B1 - B3 banks that limit the S;; due to their band-select

properties.
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Figure 2.58. Input Matching for (a) 200 kHz CBW at 1 GHz, (b) 4 MHz CBW at 2 GHz, (c) 40
MHz CBW at 5 GHz and (d) 160 MHz CBW at 5 GHz.
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2.7.2 Linearity Tests

Now we will check the linearity of the proposed receiver. Fig. 2.59 shows IIP3 and IIP2 for four
channel bandwidth configurations at different frequency bands. First we focus on IIP3. As shown

in Fig. 2.59 it meets the linearity requirements required of the corresponding frequency offsets.
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Figure 2.59. IIP3 and IIP2 curves for (a) 200 kHz CBW at 1 GHz, (b) 4 MHz CBW at 2 GHz, (c)
40 MHz CBW at 5 GHz and (d) 160 MHz CBW at 5 GHz.

For IIP3 tests two tones have been applied to the input, one at f,, and one at f,, + Af. Af
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has been chosen to be 20 kHz for 200 kHz channel band width, 500 kHz for 4 MHz Channel
bandwidth and 5 MHz for 40 MHz and 160 MHz channel bandwidths. At frequency offsets close
to the channel bandwidth the IIP3 is ~ -35 dBm which is highly limited by the open drain NMOS
transistors at the output of the receiver chain that are used for measurement purposes and are
not a part of the receiver chain. Simulations suggest that IIP3 of the receiver without the output
open-drain NMOS transistors is ~ 10 dB higher. However, as discussed in section 2.4.1, since we
engineer the voltage gain, such that the first large voltage gain takes place at the output of the op
amps, where channel selection is applied, at the frequency offsets where in-band blockers reside,
the IIP3 is above -12 dBm which satisfies the requirements, yet limited by the output open-drain
NMOS transistors. In the case of 200 kHz and 4 MHz channel bandwidth where out-of-band
blocker rejection banks (B1 and B2) are on, they will take over the frequency response for large
frequency offsets and further attenuate the signals and improve the linearity until IIP3 reaches its
maximum of 9.8 dBm. It is important to note that since IIP3 reaches a plateau at this level, it
could be inferred that it is dominated by the RF gain stages, mixer switches and op amps. If it was
dominated by the latter stages it should have kept improving due to higher rejection provided by
channel selection banks. We can also see this phenomenon as we compare the out-of-band I1P3
(OB-IIP3) of the 200 kHz and 4 MHz where both show ~10 dBm IIP3 at 100 MHz while the
level of out-of-band rejection due to channel selection is far more in the case of 200 kHz offset. In
the case of 40 MHz and 160 MHz, the OB-IIP3 is limited to 3 dBm due to smaller switches used
in B3 compared to B1 and B2 as a results of less sever blocker requirements, which needs less

out-of-band blocker rejection.

For IIP2 tests two tones have been applied to the input, one at f,; and one at 1.8 f,; to make
sure that the second order inter-modulation (IM2) product falls near the two main tones (0.8 f,5)
and experiences a similar gain in the receiver chain. Since IIP2 is less restricted due to the differen-
tial and pseudo-differential topology of the baseband stages, the [IP2 measurements start at farther
frequency offsets to show the performance of the circuit at higher frequency offsets with stronger

blockers. It is important to note that in a receiver chain with differential and pseudo-differential
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baseband stages, the IM2 components produced in the prior stages get highly rejected by the com-
mon mode rejection ratio of the latter differential and pseudo-differential stages. As we go towards
the end of the receiver chain, the level of this rejection reduces and reaches its minimum at the last
stage which in the case of our proposed receiver are the open-drain NMOS transistors. Eventually
the IM2 component which is a common mode signal will be sensed at the output due to the asym-
metry of the output wirebonds, transmission lines and, the differential to single-ended balun. The
fact that most of the IM2 component comes from the last baseband stages manifests itself in the
comparison of the IIP2 between different channel bandwidths at the same frequency offset. As an
example comparing the IIP2 at 100 MHz offset in 200 kHz, 40 MHz and 160 MHz channel band-
widths shows that IIP2 decreases as the channel bandwidth increases, hence less rejection before

the latter baseband stages.

2.7.3 Harmonic Rejection Tests

The harmonic rejection tests have been conducted over a range of frequencies from 0.4 to 2 GHz
as the frequencies for which third and fifth harmonic rejection are important. Fig. 2.60 shows
the third and fifth harmonic rejection tested on a single chip across the above-mentioned frequency
range with and without H-Traps. The results show an average of ~ 17 dB improvement in harmonic
rejection with H-Traps on. Both with and without H-Traps, clock phase mismatch is the bottleneck.
We should remark that both HR3 and HRS stay above 60.8 dB across the entire targeted frequency

range.

2.7.4 EVM Tests

Finally we test the receiver with real modulated signals for two popular standards, i.e. LTE and
WiFi 6. Fig. 2.61 shows the constellation and EVM numbers for two tests. First test is for a 64-
QAM LTE signal with 20 MHz channel bandwidth at 2 GHz, showing an EVM of -22.15 dB at -74
dBm input power. Second test is for a 256-QAM 802.11 ax signal with 80 MHz channel bandwidth
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Figure 2.60. Harmonic rejection vs. Input frequency.

at 5 GHz that demonstrates an EVM of -25.21 dB at -57 dBm input power. The modulated RF
signals were generated using Keysight N5182b MXG vector signal generator and the baseband
outputs were analyzed by Keysight N9030A PXA signal analyzer. Unfortunately, we were not
able to test 160 MHz bandwidth due to the limited analysis bandwidth of the baseband inputs
on the N9030A. Table I summarizes the performance of our receiver and several state-of-the art

designs.

2.8 Conclusion

The idea of multi-loop feedback highly relaxes the linearity and noise figure requirements of the re-
ceiver, breaking the trade-off between the flicker noise and the supported channel bandwidth in the
baseband stages. We have boosted the baseband transconductance by a factor of 8 by adding mem-
ory to the baseband side of the mixers through the use of hold capacitors. Proportional capacitor
allocation guarantees input matching far above the channel bandwidth and symmetric frequency
response. The proposed op amp topology provides high gain and wide bandwidth with a low power
consumption. Additional blocker rejection banks, help satisfy out-of-band blocker requirements

while a frequency response correction bank guaranties symmetric frequency response and stability.
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Standard LTE
Modulation Scheme 64-QAM

| Carrier Frequency [GHZ] 2

_| Channel Bandwidth [MHz] 20

| Input Power [dBm] -74
EVM [dB] -22.15
Standard 802.11 ax
Modulation Scheme 256-QAM
Carrier Frequency [GHZ] 5
Channel Bandwidth [MHz] 80
Input Power [dBm)] -57
EVM [dB] -25.21

Figure 2.61. EVM test for LTE and 802.11ax.

Finally, the harmonic trap concept has been introduced to reject the harmonic blockers beyond the

limits of baseband harmonic combiners and alleviate the problem of clock phase mismatch.

Appendix I: An Analysis on Multi-Loop Feedback Receiver Noise Perfor-

mance

In this section we provide a more accurate and general analysis for noise and gain performance
of multi-loop feedback structure by writing the KCL at each node and deriving the minimum
requirements that will satisfy both input-referred noise reduction and RF gain reduction. We start

from a single feedback loop as depicted in Fig. 2.9b. Writing the KCL equations at nodes X5 and
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Table 2.1. Receiver performance summary and comparison

This
[8] [12] [14] [10] [16] work
Single- Single- . . . . . . Single-
RF Input ended ended Differential | Single-ended | Single-ended ended
Input Frequency [MHz] 80-2700 0.2-2000 400~6000 600~3000 500-3000 400-6000
Channel Bandwidth [MHz] 0.35-20 N/A 1-100 0.4-6 40-98 0.2-160
Gain [dB] 38 40 70/58" N/A 38-46 54
NF [dB] 29 2125 2.4%5/3.148 1.8%3* 2.5-5 2.1%/4.2°
0-dBm OB-Blocker NF 5.6/4 44,6 214 23 9 27 43
[dB] 5.1 6.7 10°%/14 9?13 (@ -5 dBm) 5.247.4
OB-lIP3 [dBm] 10 +14 85/34 10 +4 9.8/2.87
Harmonic Rejection (HR) 63/64
[dB] 3f.0/5f.0 35/45 N/A 70175 52/54 80 (62/60.8)°
EVM (dB) N/A N/A N/A N/A N/A -22.19-25.2"°
HR Calibration N/A N/A Yes No Yes No
Power Consumption [mW] 20 68-95 40 38.8-70 28-31 23-49
CMOS Technology 65 nm 45 nm SOI 28 nm 28 nm 28 nm 28 nm

'Above 3 GHz Low noise mode *Harmonic rejection mode “Standard operation *LNA optimized °Balun loss not
included "With B1 and B2 turned off and B3 turned on for channel bandwidths more than 4 MHz with less stringent
blocker requirements *Up to 2 GHz °LTE °WiFi 6

Vot will result in the following equation for the gain at node Xs:

v GoR
‘;(2 = —G2(Rs||Rx2) = ~7 G’mQTRjsz (2.30)
i + GmrRswRp2+Rro+RF3

In order to calculate the input referred noise, we first calculate output noise and the overall gain
by writing the KCL equations at nodes X; and V,,;. Our assumptions are Rp3 >> Ry + R, and
G Rprs >> 1 which are all valid in this design. We also reasonably assume that Rg3 is much
larger than the output resistance of the op amp, hence, all of the op amp current will be steered to

Rps.

V;mt GmTRQ
=GR 2.31
Vin 2 G (Ra + Rew) + 1 2.31)
GmrRrs
Vn out — n 2.32
ot GmT(R2 + st) +1 ( )
Hence, the input referred noise would be:
2
%5 Vn (2.33)

n,input,CL — m
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Gm1

o Vour

Vai
(GmiR1)?
(b)
Figure 2.62. (a) Baseband equivalent of two RF gain stage preceding the op amp with nested

feedback and (b) its equivalent model by replacing the inner loop with its Norton equivalent.

It is important to note that this result does not require the simplifying assumption of Rxy <<
Ry which we assumed in our previous analysis. Now, we continue our analysis to the dual-loop
feedback of Fig. 2.62a. We can now model the inner loop as a trans-conductance in parallel with
an output resistance as shown in Fig. 2.62b, where G,, = G,,,2G Ry and Ry = Rps/(1 +
Gumr(Rsw + Rz)). Our assumptions are Rpy >> Ry, Rps >> Ry and G, Ry >> 1 which are

all valid in our design. The gain of the first stage will then be calculated as:

X1 Gml Rl

o _ (2.34)
Gm out

Vi 1 4 G floull

In order to calculate the input referred noise we first calculate the overall gain and output noise,

noting that Vn1 = —Vn/(GmQRQ)

Vo
¥ L = Gpi[Rio| (G Rowt R1)] (2.35)
Viout = — Bl |G Fout B1) Vi (2.36)

Ry
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Therefore, the input referred noise could be derived as:

V2 o Van _ Vn2
n,input - -
B (Gm1R1>2 (GmlRle2R2)2

(2.37)

Appendix II: An Analysis on the Input Impedance of An N-Path Filter With

Low-Pass Load

In this appendix we study the input impedance looking at an N-path filter loaded with low-pass
impedance, Zgp(jw) as shown in Fig. 2.63a. Our approach is similar to that used in [21]. In the
time domain we show the parameters with small letters and the corresponding parameters in the
frequency domain are represented with capital letters. We begin our analysis in the time domain.
The input current, 7;,(¢) is chopped by s;(t) in each branch and then applied to the low-pass
impedance. This means that the voltage created on the low-pass impedance in the i path is equal

to:

UBB,i(t) = [zm(t)sl(t)] * ZBB(t) (238)

Then the voltage on each path is sampled by s;(¢) and summed at V;,,. Hence, we can write v;,,(t)

as:
8

vin(t) = Z{[zm(t)sl(t)] x 2pp(t)}si(t) (2.39)

=1

Now, we convert this result to the frequency domain:

Vin(jw) = > {[Lin(jw) * Si(jw)) Zpp(iw)} * Si(jw) (2.40)

=1

at this point we need to have the Fourier transform of s;(¢) which is a 12.5% clock with a frequency

of wro and its rising edges at [k + (¢ — 1)/N]TLo, (k € Z) as shown in Fig. 2.63b. The Fourier
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transform of this waveform would be:

Si(jw) = Z e TIN5 (w — nwio)
ay, = Sm(w)e_jn%ﬂ (2.41)
nmw

Thus, (2.40) could be written as:

8 +o00 +o0
‘/m(jw) - Z Z Z anamlm{j[w — (TL + m)wLo]}ZBB(w — meo)G_j(i_l)n%r

=1 m=—ocon=—0o0

+o0 +o0 8
= > Y ananlndilw — (0 +m)wro]} Zes(w — mwio)[Y_ e IENEEMF] (2.42)
m=—00 n=—00 =1

The term Y0 e 70-D0+™ % in (2.42) is equal to N for m 4+ n = kN, (k € Z) and zero

otherwise. Therefore, (2.42) could be simplified to:

—+00 “+o00

Vin(jw) = N Z Z G Lin{jlw — (n + m)wrol} Zee(w — mwro)

m=—0o0 N=—00

(m+4+n=kN,keZ) (2.43)

We assume [;,,(jw) to be close to the LO frequency. In order to define the input impedance, we
are only interested in the part of Vj,(jw) that is close to the LO frequency, Therefore (2.45) will

be further simplified to:

+00
‘/m(]w> =N Z ana—n]m(jw)ZBB(w + nwLO)

n=—oo

=N Z [S”;WW [ Iin(jw) Zpp(w + nwro) (2.44)

n=—oo

Now, since Zpp(jw) is a low-pass impedance that has negligible values at frequencies around wy o

and its harmonics, only n = —1 will be considered in (2.44) when the desired w is in the vicinity
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of wro. Then the input impedance could be written as:

Sm(%)]QZBB(w o) ~ 2B (2.45)

(jw) [ e N

Which proves that in the case of a low-pass load impedance in an N-path filter, the equivalent

RF impedance is equal to the baseband impedance divided by N.

= r B S :
Zin(j) B:ﬂ! | [] |_L¢

(a) (b)
Figure 2.63. (a) An N-path filter with a low-pass load (b) Waveform of s;(¢).

Appendix III: An Analysis on The Harmonic Fold-Back Behavior of The Har-

monic Amplifier

In this appendix we aim to show that if the fold-back factor of a simple half-sine filter (Fig. 2.40c)
from the n* harmonic to the first harmonic is K, then the fold-back factor at the output of the
harmonic amplifier is also almost equal to /,,. It is important to note that in the two stage harmonic
amplifier of Fig. 2.47a the main fold-back component comes from the second stage because the
fold-back component produced in the first stage gets heavily attenuated in the second stage by
Z o since it resides at the first harmonic. Second, we can model the second stage as shown in
Fig. 2.64 in which the equivalent model of Zp is valid for the first harmonic. The A; K, V,utn
component added after the first stage is to model the fold-back component from the n** harmonic

to the first harmonic produced by the half-sine mixer at the output of A;. Assuming that the the
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gain produced by the trans-conductance of My, at the output node is A3, we derive the equivalent

fold-back component of the harmonic amplifier at the output node to be:

Vi, rpn = —mKnVHz,n ~ —K,Vion (2.46)

Which holds the assumption of A; Ay A3 >> 1 that is valid in this design. As (2.46) suggests,

the fold-back factor of the harmonic amplifier is equal to that of a simple half-sine 8-path structure.

Viro—[, M,

A2 A1
Kn A1 VH2,n

(a)

Figure 2.64. Equivalent model of the second stage of the harmonic amplifier at the first harmonic.
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CHAPTER 3

Study of Injection Locking in Oscillators and Frequency

Dividers

3.1 Problem Statement

Injection locking has always been an interesting and intractable phenomenon in the clock gener-
ation circuit design. Injection locking, injection pulling and phase noise are the three main phe-
nomena that happen in the context of oscillation and all are from one root: Power injection to the
oscillator at a different frequency from the oscillator’s natural resonance frequency. If the injected
power shows a low power noise spectrum, it results in phase noise. If it is a tone with slightly
higher power and at a frequency sufficiently far from the oscillator’s natural resonance it causes
pulling. Eventually, if it is a strong enough tone at a close enough frequency, it results in injection

locking.

While phase noise and injection pulling are unwanted phenomena and most of the theoret-
ical frame works developed to understand them are meant to provide remedies to reduce them,
injection locking could be a desirable phenomenon and finds application in frequency generation
circuits such as quadrature oscillators and frequency dividers. Therefore, the models developed
for injection locking must be able to provide insights on how to optimize the design parameters to

increase the performance in circuits utilizing injection locking.

Prior models developed for injection locking ([22]-[25]) are based on geometrical phasor anal-
ysis which makes the models somewhat descriptive. In addition, some of them are developed under

simplifying assumptions such as low power injection ([22],[23]) or hard-limiting operation of the
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cross-coupled pair ([25]). In this work we develop a theoretical frame work based on the oscil-
lator linear time-variant model ([26]) which results in two closed form equations that governs the
injection locking with no need to a descriptive phasor analysis. In the next step, we extend this
technique to direct injection locked frequency dividers (DILFDs) which results in new insights into
the operation of the DILFDs and defines criteria for optimized performance of them. Eventually
we propose the use of quadrature coupling in the DILFDs - which further increases the lock range -
and provide the optimum coupling criteria using the same framework. These improvements results
in unprecedented wide lock rage that obviates the need for heavy frequency tuning of the frequency

dividers ([27],[28]].

3.2 Oscillator Linear Time-Variant Injection Model

We start with a a cross-coupled oscillator that has an injection current at its output as depicted in
Fig. 3.1a. The equivalent half-circuit model to be used in our analysis is illustrated in Fig. 3.1b.
Before we start the analysis, we have to state our assumptions. First, we assume that the LC tank
is capable of filtering the higher order harmonics and the DC component of its input current suffi-
ciently, such that we can assume a pure sine wave at the output, i.e. V,,;(t) = Vcos(wt+ ¢) where
¢ denotes the phase difference between the output voltage and the injected current, /;,ject(t) =
I;nj cos(wt). Second, Similar to [26], we assume that the cross coupled transistors current exhibits

a memory-less odd-order non-linear dependency to V,,;, i.e.:

ST T 2 S e
C, L4 Lq C, = Rp J— j
T linject T linject lgpy L4 c, -|- Rp:: Vout

X._@_<. Y
G“‘(”EWEG"‘”) IGm(t)=me(t) %".dt

(a) (b)

AMA
Al
A
+0

Figure 3.1. (a) A cross-coupled oscillator under injection and (b) its half-circuit equivalent model.
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Ia, = Ipc + Vo + asVe, +asV2, + .. (3.1)

out

Then the definition of transconductance i.e. G,, = dlg;,/dV,, together with our first and

second assumption lead to a time variant transconductance expressed in (3.2).

Gn(t) = Gy + 2 Grny, cos(2nwt + 2n¢) (3.2)

n=1

Now that we have set the ground for the analysis, we start our analysis with writing a KCL at

the output:

ITank = [Gm + [inject (33)

We start from I, and write it as (3.4):

Irank = Yo cos(wt + ¢) + Yo sin(wt + ¢) — VoCrw sin(wt) (3.4)
Rp Llw

Then we rewrite the injection current as (3.5):
]inject - Iinj COS(¢) COS(Wt + ¢) + ]inj SZTL(QZS) Sin(Wt + gb) (35)

Finally we write the cross-coupled pair current

d‘/;)ut
dr

t t
lg, = Ipc + / G (t) dr = Ipc — ng/ G (t) sin(wt + ¢).dr (3.6)
0 0

We should note that the the lower bound of the integration in (3.6) is not important as it only
results in a DC term which gets absorbed in Ip-. We are only looking for the first harmonic
component of the current as we have previously assumed that DC component and higher harmonics
are filtered by the LC tank. Now we substitute (3.2) in (3.6) and only take the first harmonic

components which results in (3.7):

]G = (Gmg — GmQ)‘/E) cos(wt + gb) (37)

m
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Now we substitute (3.4),(3.5) and (3.7) in (3.3) and decompose the resulting equation into two
independent equations based on the orthogonality of sin(wt + ¢) and cos(wt + ¢) which results in

the following two equations:

Ep = Gmo — sz + 70 COS(Qb) (38)
w + Wy . _Imj .
AwCy( - )= T sin(¢) 3.9

With w defined as the injection (and oscillation) frequency, w, the resonance frequency of the
LC tank and Aw = w — wy. Equations (3.8) and (3.9) are the fundamental equations governing the
oscillation under injection (Interestingly, (3.8) can be obtained also by using the law of conserva-
tion of energy in the oscillator which is presented in appendix I). As the injection frequency (w) or
magnitude (/;,,;) changes, the system regulates 1, and ¢ such that both (3.8) and (3.9) are satisfied.
note that as Vj changes, so does G,,, — G,,. In order to further simplify the two fundamental
equations, we begin with the (w + wp)/w term in (3.9). If we start from w = 0.5wy and gradually
increase its value to wy and even further to 2wg, we observe that the value of (w + wy)/w changes
from 3 to 2 and eventually reaches 1.5. Therefore assuming (w + wp)/w = 2 is an acceptable
approximation for a feasible range of w. Second, as in [24], we assume that the cross-coupled pair
current is defined by a tail current and is equal to /,s. cos(wt + ¢). Then from (3.7) we can write:

‘[OSC

Grmo — Gz =
0 2 %

(3.10)

The two simplifying assumptions transform (3.8) and (3.9) into the following equations:

1 Iosc [inj

=19y 3.11

R, Vo + 7 cos() (3.11)
]inj .

2AwC = — sin(Q) (3.12)
Vo

Removing V; from the above two equations and replacing C with Q)/(R,wp) -where Q is the

quality factor of the tank- will result in the following relationship:

wo  Iinjsin(o)

|Aw| B @Iosc + Iinj003(¢)

(3.13)
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For a given injection level, we seek to find the maximum Aw that the circuit can still lock to
the injection frequency. Hence we take the derivative of (3.13) with respect to ¢ which results in

the following optimum phase difference and lock range:

Iin‘
Gopt = cos_l(j_—j) (3.14)
1
|AW|mae = ;—O—I (3.15)
@ J(ey2 -1

Which is in line with the result obtained in [24]. We wish to discuss two especial cases: 1) The
case which the injection frequency is equal to the tank resonance frequency, i.e. Aw = 0 which
results in ¢ = 0 and maximum V4. In other words in the middle of lock range, the injection current
and oscillator current are in phase which results in maximum output voltage swing. 2) The case
which injection level is much smaller than the oscillator current. According to (3.14) the optimum
value of phase difference is ~ 4+90° which suggests that maximum lock range occurs when the

injection’s peaks occur at the zero-crossings of the output voltage.

3.3 Injection Locking in DILFDs

Analysis of direct injection locked frequency dividers has always been challenging. Most of the
prior work on DILFDs ([29]-[31]) try to reorder the previous derivations of injection locking in
oscillators ([22] and [24]) to fit it to the operation criteria of a frequency divider. While this ap-
proach could be a reasonable approximation for a conventional ILFD as depicted in Fig. 3.2a, It is
neither accurate nor insightful for the DILFDs (Fig. 3.2b). In our analysis we will show that mod-
eling the input injection transistor as a switch that turns on and off periodically - hence exhibiting
a time-variant conductance - provides a much more accurate model of the DILFD operation and
results in clear-cut optimization criteria that boosts the performance and devises a straight-forward

design procedure.

We start our analysis with the equivalent half circuit model of the DILFD (Fig. 3.2b) as depicted

in Fig. 3.2c where the injection transistor is modeled as a switch with an on resistance Ry, /2 in the
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Igm, () = jG (t) Z—out dt
dt

©
Figure 3.2. (a) Conventional injection-locked frequency divider, (b) direct injection-locked fre-

quency divider and (c) its half-circuit equivalent model.

half circuit. The switch in Fig 3.2b turns on and off with a clock, hence its conductance changes
with time as shown in Fig. 3.3a. Please note that here Gy = 1/ Ry, is the effective conductance
of the switch in the on-state. In other words, the clock in fact is a sine wave, rather than a square
wave, hence the Gy is equal to (2/7)G,q. in the case of a switch driven by a moderate level sine
wave (Fig. 3.3b). In the case of a large input, the square wave approximation is more realistic,
therefore we take the square-wave assumption for the switch conductance which is more general
and could be adjusted to a sine wave conductance by multiplying a factor of 2/x. Also please note
that in the half-circuit model, half of the switch resistance is present, so its conductance would
be twice as large as that of the input switch as illustrated in Fig 3.3c. We can then represent this
conductance as:

Gsw/Q( ]- +

SEFS

Z n(2nwt)] (3.16)
n=1



2w
(a) (b)

Gsw(t)A
2G,

1 t
2w

(©)
Figure 3.3. (a) Equivalent square wave switch response, (b) equivalent sine wave switch response

and (c) half-circuit equivalent switch response.

Now we take a similar approach to that in the oscillator injection analysis. The tank current and
cross-coupled pair current are the same as the oscillator analysis. Now, we need to calculate the
injection current. We, therefore multiply V,,; by G,/ and only take the first harmonic component.

Also we add a negative sign to the final product to comply with the KCL in (3.3):

Linject = —Go[l — %sin(qﬁ)]% cos(wt + @) — G’U%VO sin(wt + ¢) (3.17)

Now using the KCL equation in (3.3) and decomposing the resultant equation into two equa-

tions due to the orthogonality of sin(wt+¢) and cos(wt+¢) results in the following key equations:

= Gme — Gmy, — Go[l — % sin(2¢)] (3.18)

2
2AwC) = =Gy cos(2¢) (3.19)
7r
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Where (w + wp)/w is approximated by 2 on the left side of (3.19). We want to discuss the impli-
cations of the above equations governing the DILFD operation and compare it with those of the
oscillator. Firstly, we discuss the operation in the middle of the lock range, i.e. Aw = 0. Equations
(3.18) and (3.19) suggest that ¢ = 45° which is in contrast with that of the oscillator where ¢ = 0°.
In other words, the zero crossings of the output waveform must be surrounded by the input edges
(Fig.3.4). Secondly, at the edge of lock, oscillator model with weak injection suggests that the
phase difference is ~ +90° while the divider model does not suggest so. In fact, at the edge of
lock, the value of ¢ depends very much on the value of GGy because the values chosen for GGy and ¢
must satisfy both (3.18) and (3.19). Finally, (3.19) devises that the larger the parasitic capacitance,
the smaller the lock range. This means that as we go to more advanced CMOS technologies with
shorter channel length, the lock range would increase. But this result also shows a limitation in
the lock range. As the transistors size shrinks in newer technologies, inductor and routing parasitic
capacitance which does not scale becomes more dominant and limits the benefit of using newer
technology nodes, Hence, the need for more accurate models for maximum optimization and new
techniques to break the trade-offs. In this section we will show how our proposed model gives an
optimization criteria for the DILFDs and in the next section we propose a new technique to extend
the lock range above the limit defined by (3.18) and (3.19). Our objective is to find the optimum
value of (G at which the lock range is maximum. To this end we eliminate ¢ from (3.18) and (3.19)

which results in the following equation:

1 7"-2 GmO - sz - _P:EL
Aw=+—— R P12 2
w 7T01 GO \/ 4 [ Gg ] (3 0)

We also reasonably assume that at the edge of lock, the output amplitude is small enough to
approximate the effective transconductance of the cross-coupled pair, i.e. G,,, — G,,, With the
small signal transconductance at the equilibrium (Vx = V3 in Fig. 3.2b) , i.e. g,,. Hence, taking
the derivative of (3.20) with respect to GGy results in the following optimum value for GGy and
maximum lock range:

Go.opt = W—_(Qm - —) (3.21)



\/ t
- VO _________

Figure 3.4. Input and output waveforms at the center of lock range (w = wy).

(ngp—l
w2 —4 Q

Where () = R,Ciwy. We wish to remark several important points. To the authors’ knowledge, this

AWma:n -

) (3.22)

is the first analysis that is capable of prescribing an optimum condition for the injector transistor
which is obtained due to the novel time-variant modeling of the injector as a switch rather than

inaccurate approximation of the injector as a current or voltage source.

Fig. 3.5 shows the simulated relative lock range ((wimax — Winin ) /Wo, Where wp,q, and wy,;, are
the maximum and minimum frequencies at which the divider locks) versus G/G ., Which con-
firms the analysis results. Secondly, We should also mention that as we increase the injector switch
size, we are increasing (' in (3.20) which decreases the lock range. But the output capacitance is
still dominated by the inductor and routing parasitics and the cross-coupled pair parasitics and as
simulation results suggest, the effect of GGy optimization dominates the capacitance increase and

the optimum point does not change. Finally we simplify (3.22) by assuming g¢,,, [, >> 1:

Wo ngp
Awpmazr = 3.23
w2 — 4( Q ) ©23)
Same assumption in a Miller divider leads to the following lock range ([32]):
m B
Awae = 2 (T2 0 ") (3.24)
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Figure 3.5. Relative lock range vs. Normalized injector switch conductance (Go/Go.opt)-

Comparing (3.23) with (3.24) shows that DILFDs have fundamental advantage over Miller di-
viders. In fact, the ratio of their lock range is /+/72 — 4 ~ 1.3, which implies that the lock range
of the DILFD is 30% higher than the Miller divider. Considering the more complicated circuit
of the Miller divider which entails more parasitic capacitance in the signal loop would give the
DILFD side even more advantage. An application of our analysis method to the Miller dividers is

presented in appendix II.

3.4 Quadrature Coupling

In this section we discuss how adding a quadrature injection to the DILFD will change its lock
range. Assume a current with quadrature phase compared to the output voltage of the DILFD is
injected to its output as depicted in Fig. 3.6a where I = I;,,;sin(wt + ¢). If we rewrite the KCL

that resulted (3.18) and (3.19), we see that only the second equation changes. In fact the resultant
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key equations are as follows:

LG =G = Goll — 2 sin(20) (3.25)
D T
2 Iinj
2AwC) = =Gy cos(2¢) + (3.26)
7T Vo

Notably, (3.25) prescribes the bounds for ¢ whereas (3.26) suggests that Aw will be shifted
up or down by the term I;,,;/Vj. In fact, we can shift the Aw completely above the resonance

frequency, wy, by selecting:
Iin; 2 1

(70)opt = m(gm - Rp) (327)

\AJ

» * * ® o
+
CKO"}S1 l
la® st% lem% Ly C1T RE  Vou
2

0

IGm(t)=IGm(t) %t.dt, Ig = linjsin (0t +0)
t
()
wo
-Aw : Aw ,
L 1 i I|_n|=
1 ? ! VO
s .2 g -1
' LV n2 4 Rp
/ 2 1
—— =" (Im-7)
0 n2 4 P

(b)
Figure 3.6. (a) Quadrature current injection and (b) change of lock range with coupling factor.

Similarly, we can fully shift Aw below wy if we simply change the sign of I;,,; (Fig. 3.6b). The

foregoing thoughts suggest the need for either I;,,;sin(wt + ¢) or —1;,,;sin(wt + ¢) depending on
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Figure 3.7. Input and output waveforms for two inputs with 180° phase difference

whether the circuit must operate at very high frequencies or very low frequencies. Surprisingly,
if we drive two identical frequency dividers with two input clocks that are 180° out of phase,
the divider outputs will be quadrature. As shown in Fig. 3.7, a 180° phase shift in the input
clock will shift every change in the waveforms by Tk i, /2 Which is Topk oue/4 or in other
words as 90° phase shift in the output. Of course, It is not possible to decide which of the two
identical and independent differential dividers would be 90° ahead and which one would be 90°
behind. But when we couple the two dividers there would be only one feasible solution at each
frequency. In other words, coupling two identical dividers, driven by differential input clocks
as shown in Fig. 3.8a, not only provides the required quadrature current, but also will force the
dividers to a specific phase order depending on the frequency of operation. For example in Fig.

3.8a, if we choose the value of coupling transconductance stage, g,,¢, as prescribed by (3.27), i.e.
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Imc.opt = (2/V7% —4)(gm — 1/ R,), we will have the maximum lock range as shown in Fig. 3.8b.

For w > wq, Vour,g 1s 90° behind V,,,,; ; while for w < wy it is 90° ahead.
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Figure 3.8. (a) Quadrature coupling of two dividers and (b) change of lock range with coupling

factor.

Fig. 3.9 plots the relative lock range for different values of relative coupling, g,,c:opt/gm. Which
complies with the theoretical derivation in (3.27). Here we wish to mention three points. 1) As
can be examined in Fig 3.9, the lock range extends more on the frequencies above wy than the
frequencies below it. This is due to the (w + wy)/w factor that we approximated with 2 in (3.19).
In fact for w > wy, the (w + wp)/w factor is smaller compared to that for w < wy which increases
the magnitude of Aw for Aw > 0 as compared to Aw < 0. 2) It is good to mention that as can be
examined in Fig 3.9 the lower edge of the lock range does not go below ~ 0.6wjy. This is because in
our analysis we have assumed a pure sine wave at the output. As we go to smaller frequencies, the

third harmonic of the output current begins to see larger gain provided by the tank impedance. In
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fact at w = 0.58wy, the tank impedance at the third harmonic is equal to that of the first harmonic. If
the third harmonic does not get attenuated sufficiently it will affect the zero crossings of the output
and prevent proper frequency division operation. 3) As we make the coupling stages stronger, we
are increasing the output capacitance which will decrease the lock range, but as Fig.3.9 suggests,
the lock range increase due to the lock range shift on both sides of wy, strongly outweighs the lock
range reduction due to capacitance increase and increases the overall lock range. Finally, We note
the similarity between this topology and that in [33] but remark the novelty expressed by (3.27),

which allows to substantially increase the lock range.
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Figure 3.9. Simulated lock range for different normalized coupling factor values.

3.5 Circuit Implementation

Two prototypes have been implemented. First one is a single DILFD with optimized switch width

to show the efficacy of the optimization provided by our analysis. The circuit schematic is shown
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in Fig. 3.10a. We have utilized both NMOS and PMOS transistors to reuse the current and double
the g,,, hence increasing the lock range. We must note that If we use both NFET and PFET, the
parasitic capacitance at the output, C, also increases which according to (3.19) will decrease the
lock range. However, while the g,, is doubled, C; is not doubled because it does not consist only
of the cross-coupled parasitic capacitance. The routing and inductor capacitance and the injector
switch capacitance are also contributing to C';. Hence, using both NMOS and PMOS transistors

will help with the lock range.
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Figure 3.10. Circuit implementation of (a) the single DILFD and (b) the coupled DILFD.

For the quadrature coupled divider we duplicate the single divider in Fig. 3.10a and use
inverter-based coupling stages with a relative strength of 0.6 compared to the main cross-coupled
pair (Fig. 3.10b). The PFET of the inverter is connected to the output, while the NFET is connected
to the gate of the corresponding NFET of the main cross-coupled pair to have proper biasing. This
implementation is the best for a divider driven by an on-chip oscillator as it is fully symmetric
with respect to the differential input clocks. However, in an standalone measurement with external
clock, it is not feasible to bring a differential clock on the chip, therefore, we use a PFET as an
injector switch in one of the dividers that works with the same clock signal as the NFET injector
switch in the other divider but turns on and off with 180° phase shift. The final implementation

is illustrated in Fig. 3.11. The size of the NMOS and PMOS injector switches are chosen to be
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the same to make the two tanks have identical resonance frequencies. The biasing of the NMOS
and PMOS injectors are chosen so as to provide same lock range in each individual divider before
coupling. Finally, the divider outputs are connected to four open-drain PFETSs, one of which is

connected to the output pad to sense the output.
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Figure 3.11. Modified coupled DILFD Circuit.

3.6 Experimental Results

The two prototypes have been fabricated in 28-nm CMOS technology. the die photographs are
shown in Fig. 3.12. The inductors used in each divider are implemented as two separate spiral
inductors connected in series as depicted in Fig. 3.13a in contrast two a single compact inductor
(Fig. 3.13b) to reduce the mutual capacitance of the inductor traces that appear between the dif-
ferential outputs of the divider an reduce the lock range. We have used minimum channel length
in all transistors and a width of 3.2 um for the main cross-coupled pair and 2 pum for the coupling
transistors. The injector FETs have a width of 11.2 ym and the open drain buffers’ PFETSs have a

width of 4um.

The prototypes have been characterized with both 1 V and 1.1 V supplies. They show slightly
less lock range with 1 V supply compared to the 1.1 V case. With 1V supply, the single divider
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() (b)

Figure 3.12. Die photograph of (a) the single DILFD and (b) the coupled DILFD.

prototype exhibits a lock range of 27-61.5 GHz while consuming 1.42 mW. With 1.1 V supply
its lock range increases to 26-63 GHz while consuming 1.88 mW. The quadrature coupled divider
exhibits a lock range of 25.2 GHz-72.2 GHz while consuming 3.6 mW with 1 V supply. With 1.1
V supply the lock range extends to 24-73 GHz while consuming 4.76 mW. The input sensitivity of
the two prototypes are plotted in Fig. 3.14 which summarizes the performance for both 1 V and

1.1 V supplies.

4

9
10
(a) (b)

Figure 3.13. Inductor layout as (a) two separate spirals and (b) one compact inductor.
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Figure 3.14. Input sensitivity of (a) the single DILFD and (b) the coupled DILFD.
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Figure 3.15. Phase noise plots of the input and output for (a) the single DILFD at 45 GHz input,
(b) the single DILFD at 63 GHz input, (c) the coupled DILFD at 45 GHz input and (d) the coupled
DILFD at 73 GHz input.

Plots in Fig. 3.15 illustrate the phase noise of the output and input for both prototypes at the

middle and upper edge of the lock range when driven by 1.1 V supply. They clearly show the

88



6 dB noise reduction after frequency division and the phase noise is limited by the signal source

performance. The divider intrinsic phase noise as indicated by simulations is -138 dBc/Hz at 10

MHz offset.
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Figure 3.16. Output spectrum for the single DILFD (a) at 26 GHz input and (d) at 63 GHz input.
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Figure 3.17. Output spectrum for the coupled DILFD (a) at 24 GHz input and (d) at 73 GHz input.

Finally, the output spectrum for the upper edge and lower edge of the lock range, measured

with 1.1 V supply, are plotted in Fig. 3.16 and Fig. 3.17 for the single DILFD and coupled DILFD

respectively.
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The performance of both single divider and quadrature coupled divider are summarized in
Table I and compared to the state of the art. The single divider shows a relative lock range larger
than any previously reported divider in the frequency range of interest, i.e. 83% while consuming
only 1.88 mW and having the best ever reported FOM of 19.6. The quadrature coupled divider
exhibits an unprecedented 101% relative lock range while consuming 4.76 mW which results in an

FOM of 10.3, larger than any divider reported in the prior art with similar supply voltage.

3.7 Conclusion

A universal framework for injection locking based on linear time-variant analysis is introduced.
Its application to the DILFD results in new insights on the frequency divider operation and op-
timization criteria. The idea of quadrature coupling of the dividers is studied. The introduced
linear time-variant framework which successfully modeled the quadrature injection, explained its
effect on frequency division and prescribed an optimization criteria for the quadrature coupling to
maximize the lock range. Finally, prototypes of a single divider and a quadrature coupled divider

optimized based on our analysis have been fabricated and characterized which show unprecedented

performance.
Table 3.1. Performance summary and comparison
This Work!
[30]' [31] [34]'
Single DILFD Coupled DILFD
Ef_lqz‘]'e“cy 12-32 27.9-53.5 25.53.6 26-63 24-73
'[;Zfi‘ Range 90.9 62.9 72.7 83.1 101
Poc [mW] 2.4 5.8 6.7 1.88 476
Fgl-l:nzlmwl s 8.33 am 4.26 19.68 10.29
‘[“nfltr'“if Area 0.45 0.18 N/A 0.019 0.037
$eN(I:(I:1)§ology 90 nm 65 nm 65 nm 28 nm 28 nm

1All measurements with a maximum input power = 0 dBm
2L()ck Range=2(fmax'fmin)l( frnax"'frnin) 3F0M=(fmax'fmin)lpDc
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Appendix I: Analysis of The Injection Locking Based on Conservation of En-

€rgy

In this appendix we discuss how we can use the law of conservation of energy to obtain the first key
equation governing the injection locking. Consider the linear time-variant model of the injection
to an oscillator as depicted in Fig. 3.1b. According to the law of conservation of energy, the power
injected to the tank by the cross-coupled pair and the injector must be equal to the power consumed

by the tank, i.e.:

PTank = -Pz'nj + PGm (328)
The power consumed by the tank is:
V2
Pronk = —= 3.29
Tank = 5 (3.29)

The power provided by the cross-coupled pair can be calculated by integrating the product of the

output voltage and the cross-coupled pair current (form equation (3.7)) as:

T
1 [z VE(Gmg — G
Pom = = / (Grg — Gy ) Vi cos* (Wt + ¢).dt = -2 ( 02 ) (3.30)
T
7
Similarly, the power injected to the tank due to /;, .+ could be written as:
T
1 [z Volini
P = T/ Lini Vi cos(wt + ¢)cos(wt).dt = %OS(@ (3.31)
T
-2
Finally, substituting the corresponding power components in (3.28) will result in (3.32):
L G =Gy 4 Lin (¢) (3.32)
— =Gy — G, + = cos .
Rp 0 2 ‘/0

Which is the same as the equation obtained in (3.8).

Appendix II: Analysis of Miller Frequency Dividers Based on The Proposed

Framework

In this appendix we study a Miller frequency divider using our proposed analysis method. Consider

the miller frequency divider of Fig. 3.18a. Its equivalent half-circuit model is depicted in Fig.
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3.18b. The input clocks connected to the top transistors steer the current produced in the bottom
transistor pair in turn which makes the equivalent operation equivalent of multiplication by a square

wave toggling between +1 and -1 at a frequency of 2w. We can represent this waveform as:

o0

S(t) = 4 Z sin(2nwt) (3.33)
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Figure 3.18. (a) A Miller frequency divider and (b) its equivalent half-circuit model.

The current produced in the bottom transistor pair gets multiplied by S(¢) and reaches the
output. We are interested only in the first harmonic of the resultant current. Because S(t) contains
all even harmonics and current produced in the bottom transistors contains all odd harmonics of
w, there are infinite number of possible combinations between higher harmonics that can result
in a first harmonic output current. However, as we pick higher harmonics, their coefficients both
in S(t) and in the current coming out of the bottom transistors will be smaller and negligible
compared to the terms coming from the lower harmonics. Therefore we can reasonably only

consider the first harmonic of the output current term that is a product of the first component of
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S(t), i.e. 4/msin(2wt) and the first harmonic component of the bottom transistor pair current

which according to (3.7) is:

I, = (Guy — Gmy) Vo cos(wt + ¢) (3.34)

Hence, we can write the output current coming from the bottom transistors as:
4
I, out = Ig,, —sin(2wt) (3.35)
s
Considering only the first harmonic component of (3.35) will result in the following expression:

Ton out = %vo((;mo G [sin(wt + 6)cos(6) — cos(wt + Q)sin(é)]  (3.36)

The tank current is similar to what was obtained in (3.4):

% %
Irank = R—O cos(wt + @) + ﬁ sin(wt + ¢) — VoCrw sin(wt) (3.37)
1

P

KCL at the output node requires that I, = Ig,, 0wt Which results in the following two key

equations:
Rip = _%(Gmo - Gm)sm(gb) (338)
DAWCY = —2 (G — G )sin(9) (3.39)
7

On the left side of (3.38) we have approximated (w+wy)/w by 2. Eliminating ¢ from the above

two equations will result in the following:

2
Aw = £-2 [

20 (Ging — Gy )Ry — 1 (3.40)

T

Where () = R,Cwy. The value that changes in (3.40) as Aw changes is G,,, — G,, Which is
the effective transconductance of the bottom transistor pair. As we come closer to the edge of lock,
the output voltage amplitude shrinks and the effective transconductance could be approximated
by the small signal transconductance at the equilibrium, i.e. g,,. Also right side of (3.40) is a

monotonically increasing function of G,,,, — G,,, which reaches its maximum when G,,, — G,,,
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reaches its maximum, i.e. g,, at the edge of lock. Therefore, one sided lock range could be found
by substituting g,,, for G,,, — G, in (3.40) which results in (3.41). This result complies with the
lock range obtained in [32].

2
Awyay = 0 (SgnFy) 1 (3.41)
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CHAPTER 4

Conclusion

This dissertation presents new techniques for future RF and millimeter wave radios, namely, a
universal RF receiver and a new framework to study injection locking that largely improves the

lock range of millimeter wave direct injection locked frequency dividers (DILFDs).

Introducing multiple new techniques in the receiver design, specifically, multi-loop feedback
receiver architecture, blocker rejection enhancement, power efficient wideband op amp and har-
monic trap, the proposed receiver exhibits robust performance across the 400 MHz-6 GHz fre-
quency range. Realized in 28-nm CMOS technology, the prototype provides sufficient tolerance
to large out-of-bad blockers and performs channel selection filtering for channel bandwidths from
200 kHz to 160MHz. It exhibits a noise figure of 2.1 in the low noise mode and 4.2 dB in the
harmonic rejection mode with greater than 60.8 dB harmonic rejection up to 2 GHz with no need
for calibration while drawing 49 mW. The proposed receiver EVM performance is tested with LTE

and 802.11 ax signals to guarantee the performance for different cellular and WiFi applications.

A new analysis frame work is introduced for the study of injection locking. Based on a linear
time-variant model, this framework provides new insights into the injection locking phenomenon
in the oscillators and frequency dividers. Application of this method to DILFDs provides new op-
timization conditions that largely improves the lock range. The analysis frame work also suggests
that quadrature coupling will increase the lock range even further. Two prototypes are fabricated in
28-nm CMOS technology. A single DILFD exhibits a lock range of 26-63 GHz (relative lock range
of 83%) while consuming 1.88 mW. A coupled DILFD operates over a lock range of 24-73 GHz

(relative lock range of 101%) and consumes 4.76 mW with no need for tuning or adjustments.
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