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ABSTRACT OF THE DISSERTATION
RF Front-End Circuits for FDD Radios: Duplexers and Receivers
by

Kejian Shi
Doctor of Philosophy in Electrical and Computer Engineering

University of California, Los Angeles, 2020
Professor Asad Ali Abidi, Chair

Frequency-division duplexing (FDD) radios are widely used in wireless communi-
cation standards and multi-radio coexistence. It requires that the duplexer prevent
both TX signal and noise from entering the receiver front-end, while operating
under full TX power. It also requires the receiver front-end circuits to be highly

linear when the TX leakage channel is adjacent to the receive channel.

This work describes the design of a dual-band electrical balance duplexer
(EBD). The electrical balance duplexer supports dual-band TX-RX isolation for
FDD operation at 5-7GHz. A network in the EBD can balance the antenna
impedance (Z4nr) in the TX channel and RX channel independently. The EBD
provides >40dB isolation in an 80MHz channel bandwidth in the TX band (5-
6GHz), for any Zanr(frx) with VSWR<2, and independently in the RX band
(6-7GHz) when Qanr < 4.3. The EBD is designed for <4dB RX IL and <3.8dB
TX IL.

Second, the properties of finite-() LCR networks are derived. Simple results
and derivations provide performance limits and design guidelines for the on-chip
filter (two-port) and impedance synthesizer (one-port). General properties are

given for the design of multi-band on-chip N-port LCR networks.

Third, second-order baseband filter circuits for mixer-first receivers are de-

i



signed for adjacent channel blocker tolerance. The design guidelines are given in
simple expressions. The independent poles control by circuit elements is achieved.
The prototype measurements verify the design. It can tolerate the maximum TX

leakage from the dual-band EBD without gain compression and noise degradation.

Finally, the mixer switch nonlinearity is analyzed. Expressions for IIP3 and
B1dB are given, showing the impact of supply voltage, FET size, clock waveform,
operating frequency, and baseband load. The analysis matches the simulation

very well.

The dual-band EBD and the mixer-first receiver with second-order baseband
filters are fabricated in 65nm RF-SOI CMOS technology. They support the FDD
operation for Wi-Fi 6/6E application between 5-7GHz.
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CHAPTER 1

Introduction

1.1 Frequency-Division Duplexing

Nowadays mobile wireless communication applications mainly use two methods
for duplexing: time-division duplex (TDD) and frequency-division duplex (FDD).
The main purpose of duplexing is to reduce the number of antennas to save cost
and space in mobile devices. In both TDD and FDD, the transmitter (TX) and
receiver (RX) share the same antenna. In TDD, the TX and RX operate at
different times and the antenna is connected either to the TX or the RX. While

in FDD, the TX and RX operate at the same time, but at different frequencies.

There are many FDD applications. First, many standards are designed to use
FDD, such as 3G CDMA, 4G LTE, and 5G NR. Second, there is another scenario
that may use FDD, which is the so-called multi-radio coexistence. In multi-radio
coexistence scenario, the TX and RX for different radio standards operate at the
same time and different frequencies, while each standard may originally use TDD.
Shared antenna or dedicated antennas may be used for different radio standards.
When the TX and RX share the same antenna, it is FDD. An example of multi-
radio coexistence includes transmitting Wi-Fi and receiving Bluetooth signals, or

transmitting 5G NR and receiving Wi-Fi signals.
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Figure 1.1: A duplexer connecting antenna (ANT), TX and RX ports.

1.2 Challenges in RF Front-End Circuits for FDD Radios

1.2.1 Duplexers

Antenna interface, or duplexer (Fig. 1.1), is the building block which connects
between the antenna (ANT), the TX and RX ports. To enable FDD, dual-band

TX-RX isolation must be provided by the duplexer in order to:

1. Prevent high power TX signal (at TX band frx) from leaking into the RX,

so the RX does not saturate.

2. Prevent amplified TX noise (at RX band frx) from leaking into the RX, so

the RX is not desensitized.

Nowadays, a duplexer uses two SAW filters for each TX and RX band pair
(Fig. 1.2). The SAW filters reject the TX noise (at RX band) at the output of the
TX, and the TX signal (at TX band) at the input of the RX. There are several

disadvantages:

1. They are not tunable. Numerous SAW filters are required for nowadays

multi-band FDD mobile applications.
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Figure 1.2: (a) A board block diagram in a 2G/3G cellular phone [1]; (b) A SAW
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Figure 1.3: An electrical balance duplexer (EBD) consisting of a hybrid transformer
(HT) and a balance network (BAL).

2. The SAW filters are off-chip components, which are bulky and costly.

There are many approaches [1, 3,5, 6, 10-21] that have been studied earlier
trying to replace the off-chip SAW duplexers with on-chip solutions. They can be

summarized into three categories by how the FETs are used:

1. FETSs used as amplifiers [19-21]:
RF active cancellers fall into this category. The cancellers take a replica

of the TX signal and/or TX noise, process the replica in RF domain, and



then subtract the TX leakage at the input of the RX. They are usually used
together with other duplexing techniques due to the disadvantage of this

approach:
e Bad linearity and poor power handling.

2. FETSs used as periodic clock controlled switches [16-18]:
The use of N-path filters or passive mixers falls into this category. The

disadvantages of this approach are:

e RX desensitization by clock phase noise. Due to reciprocal mixing, the
clock phase noise can be amplified because of high TX operating power
and raise the noise at RX input. At practical operating power level,

the desensitization is not acceptable.

e Poor power handling. The FETs will go into compression well below

practical operating power level.

e High power consumption. Since the duplexer connects the output of
the power amplifier (PA), they usually consume comparable or higher

power than the PA to drive the FETs.

3. FETs used as static switches [1,3,5,6,10-15]:
RF passive cancellers including the electrical balance duplexer (Fig. 1.3) fall
into this category. The FETs are used as static switches to select passive
on-chip elements. This approach benefits from the large power handling,

high linearity and low static power consumption. However, it suffers from:

e Fundamental 3dB loss in both TX and RX paths. Because of the
property of three-port passive networks, it is impossible to construct
such a three-port lossless reciprocal network that is matched at all

ports. The loss may be acceptable for some applications.



Mixer-First Receiver

Y : Baseband |

- LO Filter ;

TX i i To ADC
o—] Duplexer [— —o

Figure 1.4: A mixer-first receiver.

e Poor dual-band isolation capability. Due to low-@) of on-chip elements,
it is difficult for the tunable passive cancellers to track frequency re-

sponse of the TX leakage channel for dual-band isolation.

Among all approaches, only the third category supports practical TX power
level. Therefore, it is promising for actual use if the mentioned problems can be

solved, especially the dual-band isolation capability.

1.2.2 Receiver Front-Ends

Multi-band receivers experience interference from blockers arising from a multi-
tude of conditions, including leakage from their own transmitter when operating
in FDD. The traditional use of SAW filters and SAW duplexers soon becomes
impractical, which means that the receiver circuits must be designed to handle
unfiltered blockers without entering gain compression that would corrupt the small

wanted signal.

The mixer-first receiver [22-26] immediately shifts the received spectrum at
the antenna to place the wanted channel at zero IF. An active baseband circuit
follows the mixer as shown in Fig. 1.4. It amplifies the baseband spectrum—

comprising the small wanted signal and nearby large blockers—and filters the



blockers relatively while amplifying the channel at zero IF (DC).

For close-in blockers, large filtering is needed for high dynamic range, where
the baseband amplifier does not compress. For far-out blockers, which have been
largely suppressed by filtering, the mixer dictates the dynamic range. The design
of both the high dynamic range mixer and the sharp filtering baseband amplifier

remains a challenge.

1.3 About the Dissertation

1.3.1 Contributions

This dissertation explores techniques that can overcome the challenges in the
RF front-end circuits, both for the duplexer and the receiver front-end. The
designs in this dissertation are not only described in detail, verified by silicon, but
also justified by analysis throughout the dissertation. The contributions of the

dissertation are summarized below:

e A state-of-the-art dual-band electrical balance duplexer with a novel inde-
pendently tuned dual-band balance network is introduced for FDD applica-

tions.

e General properties of finite-() LCR networks are analyzed for CMOS passive
network design, and from the analysis a notch filter is implemented using

CMOS passive elements achieving maximum |Sy;| transition rate.

e A simple and insightful second-order transimpedance amplifier (TTA) design

methodology for mixer-first receivers is developed and verified by silicon.

e Small and large signal nonlinearities in a passive mixer are analyzed for

passive mixer design.



1.3.2 Outline

This dissertation is organized as follows:

e Chapter 2 shows the design of an electrical balance duplexer that support

independently tuned dual-band TX-RX isolation for FDD applications.

e Chapter 3 analyzes the properties of finite-() LCR networks for CMOS pas-

sive network design.

e Chapter 4 shows the second-order transimpedance amplifiers (TIAs) and the

mixer-first receiver design and analysis.
e Chapter 5 analyzes the large and small signal nonlinearity in passive mixers.

e Finally, possible future works and conclusions are included in Chapter 6.



CHAPTER 2

A Dual-Band Electrical Balance Duplexer for
FDD Radios

2.1 Introduction: Electrical Balance Duplexer

The electrical balance duplexer (EBD), shown in Fig. 1.3, is an alternative to
the SAW duplexer that can be integrated on a chip, at a lower cost and in a
much smaller volume [1-6,10-14]. It consists of a hybrid transformer (HT) and
a variable impedance, the balance network (BAL). The HT connects the ANT,
TX, BAL at its primary turn, and the RX to its secondary turn. To handle the
high-power TX output, the EBD and associated balance networks are all passive

(LCRs and high-voltage static switches).

Unlike the SAW duplexer, the EBD isolates the RX from the TX through the
nulling action in the HT. When the TX port connects to the center of the HT
primary turn and Zgar, = Zant, no TX power leaks into the RX due to symmetry.

Therefore, the HT is balanced, and the TX-RX isolation is established.

When the HT is balanced, both TX-ANT and ANT-RX paths will suffer from
3dB fundamental loss. For TX-ANT path, due to symmetry, half of TX power
will be dissipated in the BAL thus resulting in 3dB TX path insertion loss (TX
IL). For ANT-RX path, due to symmetry as well, the BAL and ANT contribute
equal noise to the RX, resulting in 3dB RX path insertion loss (RX IL). Note that

the TX does not contribute noise because of the nulling action.
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Figure 2.1: (a) Zan7 changes due to user interaction; (b) Zanr is a function of fre-

quency, and the impedance difference is limited by Q an7.

One challenge of the EBD design for FDD radios is the dual-band capability.
For TX and RX to isolate at dual bands, Zga;, = Zan7r must hold at both TX
and RX bands. However, because the Z4n7 frequency response is usually different

then Zpar, the dual-band capability remains a major challenge for EBD design.

2.2 Antenna Characteristics

The characteristics of the antenna highly impact the EBD performance, because
sufficient TX-RX isolation depends on the balance condition Zga;, = Zanr.
Therefore, the antenna cannot be treated as a 5082 resistor. The impedance

of an actual antenna depends on many factors. The antenna impedance Zanr

é ZaNnT—50Q

(or equivalently described by reflection coefficient ' 4n7 T

) can change

over:

1. User interaction.
Zant changes with the orientation and proximity to the user’s body, as

specified by a range of antenna VSWR, (Fig. 2.1). The VSWR=2 circle is



usually considered sufficient to cover most user scenarios [27-30]. Antennas
in mobile devices are designed typically for a smaller VSWR, and an optional
antenna tuning unit (ATU) [31] can lower it even more.

Adaptation algorithms [32,33] adjust EBD tuning element values in real time

to maintain balance when antenna impedance changes over user interaction.

2. Frequency.
Zant 18 a strong function of frequency indicated by Q) an7, which means
that it changes considerably from frx to frx. As shown in Fig. 2.1, the
impedance (reflection coefficient) change AT 4y consists of magnitude and

phase.

e The impedance change in magnitude |Alsznr| is limited by Qant.
QanT is specified by the application to meet antenna matching re-
quirement. For example, antennas for Wi-Fi operating between 5-7GHz

. _ t
require Qayr = Flepias < 3.

e The impedance change in phase Z(AI'4n7), on the other hand, can
be arbitrary. First, it changes when different antennas are used for
the same application, thus cannot be predicted beforehand. Second, it
changes with the length of the cable or PCB transmission line connect-
ing the antenna and the EBD, thus unpredictable before the EBD is

designed.

The EBD is viable if a circuit for Zg 4y, is devised that tracks changes in Zn7
with user interaction and frequency response, so it isolates in the TX channel

(frx) and RX channel (frx) simultaneously for FDD.
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Figure 2.3: (a) A dual-band EBD in [5]; (b) A dual-band BAL in [6].
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2.3 Prior Arts

There are works that enable dual-band isolation for the EBD [2-6,11]. Their

approaches fall into two categories:

1. A single-band EBD with additional filtering or cancellation circuits [2-4]
(Fig. 2.2). [2] adds an additional SAW filter at the RX path to filter TX
signal, while the EBD rejects the TX noise. Similarly, [3] replaces the SAW
filter and inserts a N-path filter at RX path. [4] uses active cancellation to

cancel TX signal at the input of the RX. Their disadvantages are:

e [2] requires an off-chip SAW filter.

e [3] cannot operate at practical TX power level, because of reciprocal

mixing and compression of the N-path filter.

e [4] requires an off-chip filter, in order to filter the cancellation path

noise at the input of the RX.

e Additional circuits will introduce additional loss or noise to the EBD.

2. A dual-band EBD [5,6,11] (Fig. 2.3). [5,11] designs the balance network
with four tuning elements, therefore the degree of freedom is sufficient to
synthesize complex Zpar(frx) and Zgar(fryx) simultaneously. [6] designs
a more complicated balance network with more tuning degree of freedom.

The major disadvantage of the two works is:

e They are poor at tracking changes in Z 47 with user interaction and
frequency response simultaneously.
Since tuning one capacitance does not only change Zpar(frx), but
also Zpar(frx) at the same time, impedance at two bands cannot be
adjusted independently. The tuning range of Zpar(frx) now highly
depends on Zpar(frx). In other words, the ability of the EBD to track

12



antenna frequency response highly depends on the impedance, which
changes due to user interaction. Therefore, the EBD can either track
antenna user interaction, or the frequency response, but not both at

the same time.

The prior arts on the dual-band EBD [2-6, 11] show that it is important
to design a balance network that can synthesize impedance at two bands
independently, in order to track Ziyr change over user interaction and

frequency.

2.4 Design Specifications

The application is the Wi-Fi 6 /6E operating at 5-7GHz, where the TX is specified
to operate at 5-6GHz and the RX at 6-7TGHz. The duplexer will enable the
simultaneous transmission and reception at different channels (FDD). In order to
enable FDD, the TX-RX isolation is specified to be higher than 40dB over an
80MHz channel at dual-band. It must operate under high TX power level, up to
+27dBm. Since there are 3dB fundamental losses for the EBD, the loss for both
TX and RX paths is specified to be less than 4dB, with less than 1dB added loss

from the implementation.

To summarize, the specifications are listed below:
1. Wi-Fi 6/6E (5-7GHz)

o TX: 5-6GHz
e RX: 6-7GHz

o Qant <3
2. Sub-4dB IL

3. 40dB isolation
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Figure 2.4: Proposed block diagram of the dual-band balance network and its equivalent

circuits at frx and frx.
e 80MHz channel bandwidth (BW)
4. +27dBm TX power

Towerjazz 65nm RF-SOI CMOS technology is used to fabricate the chip.

2.5 Dual-Band Balance Network Design

2.5.1 Conceptual Principle of Operation

Fig. 2.4 shows the proposed balance network conceptual block diagram. The
shown balance network can synthesize Zp4; at both bands independently. It
contains three sub-blocks: Block TX, Block RX, and the intermediate two-port

filter [S(f)] defined by its s-parameters.

At TX band, the intermediate two-port [S(f)] rejects the transmission, and
the Block RX does no