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Preface

Wireless communication has become integral to our daily lives, enabling seamless connectivity and
information exchange. As technology advances, there is a growing demand for wireless systems that
can support higher data rates and simultaneously accommodate multiple users. Full-duplex commu-
nication, which allows for simultaneous transmission and reception on the same frequency band, has
emerged as a promising solution to meet these evolving demands.

This master’s thesis delves into designing and implementing a full-duplex impulse radio ultra-wideband
(IR-UWB) transceiver to overcome the inherent challenges of simultaneous transmission and reception.
The focus of this research lies in the development of a novel duplexer, a crucial component that enables
the isolation of the transmit and receive paths, allowing for coexistence without self-interference.

This thesis sets the stage by introducing the motivation and significance of full-duplex communi-
cation systems. It provides an overview of the current state of IR-UWB technology and highlights the
limitations and potential benefits of full-duplex technology. The introduction also outlines the research’s
objectives and scope, emphasizing the proposed duplexer’s key role in achieving full-duplex operation.
The thesis comprehensively reviews literature and research on full-duplex communication and IR-UWB
technology, providing a foundation for understanding the technical challenges and opportunities of the
proposed duplexer.

The subsequent chapters delve into the proposed duplexer and system-level design, including the
architecture, components, and performance evaluation of the full-duplex IR-UWB transceiver. Special
attention is given to the proposed duplexer, detailing its design principles, simulation results, and ex-
perimental validation. The performance metrics of the duplexer, such as isolation, insertion loss, and
linearity, are thoroughly analyzed and discussed.

Furthermore, the thesis highlights the achievements and contributions of the research. The pro-
posed duplexer demonstrates significant improvements in isolation and performance compared to ex-
isting solutions, paving the way for more efficient and reliable full-duplex communication systems. The
findings of this research contribute to the growing body of knowledge in the field and provide valuable
insights for future advancements.

In conclusion, this thesis presents a comprehensive study of the design and implementation of a
full-duplex IR-UWB transceiver, focusing on the development and performance evaluation of a novel
duplexer. The research outcomes contribute to advancing full-duplex RadCom, opening new possibil-
ities for higher data rates, improved spectral efficiency, and improved target detection. The findings
presented in this thesis lay the groundwork for future research and development in the field of full-duplex
IR-UWB systems.
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Introduction

Ultra-wideband (UWB) technology has recently been the subject of significant interest, given its high-
speed data transmission and high-resolution capability. As defined by the Federal Communications
Commission (FCC), a UWB device uses a signal with a fractional bandwidth (BWjy,.) that exceeds
20%, or an absolute bandwidth (BW_1g4g) larger than 500 MHz (Fig. 1.1). The Defense Advanced
Research Projects Agency (DARPA) further classifies a UWB signal as having a fractional bandwidth
that exceeds 25% BW;,.. This fractional bandwidth is calculated as the ratio of the signal’s -10 dB
bandwidth to its center frequency in equation (1.1), with the center frequency defined as shown in
equation (1.2).

BW_10a _ 2(fu — f1)

BWprae == =1 5%, a-n
£ = (fu ‘2|‘fL) (1.2)
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Figure 1.1: Definition of UWB signal [1].

UWB signals, as indicated in Fig. 1.1, set themselves apart from traditional narrow-band signals
by offering a bandwidth exceeding 500 MHz, leading to a time-domain impulse with a pulse duration
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2 1. Introduction

of less than two nanoseconds. Even within the UWB context, a 500 MHz bandwidth is comparatively
small, implying pulse durations that are typically sub-nanosecond. The frequency band available for
UWB applications spans a broad range, from 3.1 GHz to 10.6 GHz.

Despite these advantages, the challenges of managing emission power and avoiding interference
with nearby narrow-band signals due to the wide bandwidth and dispersed frequency bands cannot be
ignored. In response, regulatory measures, such as power masks, have been established by the FCC
and the Electronic Communications Committee (ECC) [2], as shown in Fig. 1.2.

ECd (Europé)
FCC Indoor (USA) «eeeeeeee

-41.3
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-70
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0 16 3.8 6 85 10.6
Frequency /GHz

Figure 1.2: European UWB mask & FCC mask [2].

The two primary types of UWB communication systems are pulse-based and multicarrier-based.
The latter, often implemented using orthogonal frequency-division multiplexing (OFDM), breaks down
the entire UWB spectrum into numerous subbands, enabling it to circumvent transmissions in regions
where other radio communication devices operate. However, these systems require complex signal
processing techniques and sophisticated transceiver architectures [3].

Impulse Radio Ultra Wideband (IR-UWB) technology, a type of pulse-based UWB, uses exceed-
ingly brief radio frequency pulses and provides considerable bandwidth, yielding several advantages.
It grants substantial channel capacity, minimizes multipath effects, and facilitates high-precision timing
[4]. Nonetheless, IR-UWB poses certain limitations, such as low transmission power to avoid interfer-
ence and potential pulse distortion due to increased bandwidth [5].

This thesis centers on IR-UWB technology within the framework of a simultaneous radar and com-
munication (RadCom) scheme. This RadCom or Joint Radar Communication (JRC) concept aspires
to integrate radar and radio communication into a single device, enabling hardware components to
be shared and thus promoting cost-effectiveness and system integration. The notable benefits of IR-
UWB, such as its high channel capacity, resistance to multipath effects, and precision in timing, make it
a prime choice for exploring and implementing the RadCom scheme. This chapter provides a summary
of the technologies mentioned earlier. Subsection 1.1 explains UWB techniques, while Subsection 1.2
elaborates on the in-band full duplex (IBFD). Subsection 1.3 clarifies the research emphasis and scope
of work of this thesis.

1.1. IR-UWB

Impulse Radio Ultra-Wideband (IR-UWB) is a recognized method of UWB signal transmission that
uses ultra-short, low-duty-cycle baseband pulses. The design of these pulses, in terms of their shapes
and durations, allows their frequency response to comply with the spectral mask defined by the Fed-
eral Communications Commission (FCC). Moreover, these pulses inherently operate within the radio
frequency band, eliminating the need for a sinusoidal carrier to shift the signal [6].

IR-UWB technology, aiming at short-to-medium range transmissions focusing on power consump-
tion reduction, has found applications in various sectors. These range from wireless sensor networks
[7]1 and sensing/positioning systems to inter-chip communication, contactless wireless technology, and
imaging systems, not to mention usage in biological or biomedical networks.

Optimized for energy-constrained, short-range wireless applications, IR-UWB radios are distin-
guished by their lower complexity and power consumption. These characteristics make them ideally
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suited for personal area networks, low-power sensor networks, and wireless body area networks [8].
Furthermore, the high bandwidth capabilities of IR-UWB radios have fueled their use in high-precision
location systems [9] and high data-rate dedicated communication links [10].

1.1.1. IR-UWB Applications

IR-UWB technology, integrated into the Internet of Things (loT), has been recognized as a transfor-
mative force in healthcare applications. This technology is used to develop small, smart biomedical
sensors that can be worn or implanted in the human body. These sensors form Wireless Body Area
Networks (WBAN), which continuously monitor the physiological state of patients for both diagnosis
and prevention purposes. The measurements taken by these sensors include vital signs such as Elec-
trocardiogram (ECG), Electroencephalogram (EEG), temperature, and blood pressure. The IR-UWB
technology is particularly noted for its secure transmission, low noise, and low energy consumption,
making it an ideal choice for healthcare applications. The integration of IR-UWB technology in health-
care has led to the emergence of a new paradigm referred to as E-health. This involves the real-time
monitoring of physiological signals for personalized healthcare. The real-time data provided by these
sensors allows healthcare professionals to respond promptly to any changes in the patient’s condition,
thereby improving the quality of care. Furthermore, IR-UWB is recognized as a suitable technology for
WBAN applications due to its ability to coexist with narrowband systems, low power consumption, and
low-cost on-chip implementation. This makes it a cost-effective and efficient solution for healthcare
monitoring systems [11].

1.1.2. IR-UWB General Specs

The communication rates of over 1 Gb/s were achieved by utilizing 3-D hybrid impulse modulation,
which includes Pulse Shift Keying (PSK), Pulse Position Modulation (PPM), and Pulse Amplitude Mod-
ulation (PAM), even under conditions of 15 mm skin/fat [8]. According to [12], a data rate of 500 Mb/s
was successfully reached with power consumptions of 27.7 mW for the receiver (RX) and 7 mW for the
transmitter (TX), with a radio range of 1 to 5m.

To ensure that the receiver can resolve the transmitted data, it should be designed to match the
transmitter’s maximum data rate of 1.66 Gbps in [8]. The transceiver works within the higher UWB band
of 6.5 to 8 GHz, in compliance with the FCC power mask, and the total DC power of the transceiver
should not exceed 50 mW. The targeted communication range is within the air's sub-meter level of
0.5m. All the above specifications are summarized in Table 1.1.

Table 1.1: Design specifications for communication applications

Technology TSMC 28 nm
Supply voltage (V) 0.9
Maximum Data Rate (Gbps) 1.66
DC Power Consumption (mW) 25
Frequency Range (GHz) 6.5-8
Communication Range (m) 0.5

1.1.3. IR-UWB Duplexing Methods
Ultra-Wideband (UWB) systems, similar to wireless communication, employ different duplexing types
based on the interaction between the transmitter and receiver: Time Division Duplexing (TDD), Fre-
quency Division Duplexing (FDD), Spatial Division Duplexing (SDD) and Full-Duplexing (FD), as shown
in Fig. 1.3.

UWB devices use pulse transmission and reception to exchange data and determine location. TDD
is the most commonly used duplexing method in this context, as stated in [9][13]. TDD involves a
single-pole double-throw (SPDT) switch between TX and RX, which means the receiver is disabled
during transmission and the transmitter disabled during reception, as shown in Fig. 1.3. This method
effectively prevents receiver desensitization, which is typically caused by leakage of the transmitted
signal. However, it also introduces a few notable drawbacks. These include reduced transmission
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Figure 1.3: Duplxing methods in UWB system.

speed in wireless communication applications. TDD might reduce communication speeds due to the
necessity of switching between transmitting and receiving modes. In TDD, the same frequency channel
cannot transmit and receive at the exact same time. Instead, the system alternates between transmit-
ting and receiving data. This switch introduces what’s known as a ’guard time’ — a brief pause to ensure
that the transmission is fully completed before the system switches to receiving mode, and vice versa.
This is to prevent overlap between the two modes, which could cause interference. The time taken to
switch modes and the addition of the guard time reduces the effective data rate because the channel
is not being utilized for a small portion of time. Additionally, the system needs to process the switching,
which can also contribute to slower transmission speeds.

Moreover, it results in a ”blind zone” in range measurement in radar applications. This blind zone
is created because the receiver must periodically shut down, rendering it incapable of receiving echo
signals at specific intervals. This periodic shutdown is necessary to avoid interference from the trans-
mitted signal, but it inevitably leads to periods where signal reception is impossible, thereby creating
gaps or "blind spots” in the overall range measurement capability.

FDD has been proposed as a potential solution to these issues, but its application may lead to
a decrease in spectrum utilization. To prevent interference between these bands, there are unused
frequency ranges, known as guard bands, between the transmit and receive bands. These guard
bands, while necessary for preventing interference, are a portion of the spectrum that is not being used
for data transmission, thereby reducing the overall spectrum efficiency. An alternative method is the
utilization of two separate antennas—one for reception and the other for transmission—which could,
however, lead to an increased system footprint [14][15].

For effective operation within a UWB system, SDD requires at least two antennas, as the antenna is
the component that consumes the most space. Consequently, the application of SDD is often limited.

Compared to TDD, FDD, and SDD, full-duplex technology presents an appealing solution, as shown
in Fig.1.3. It offers improved spectrum efficiency, mitigates the problem of blind zones in range mea-
surement, and allows for the simultaneous use of a single antenna for both transmission and reception,
effectively reducing the circuit footprint. In a typical full-duplexing system, there is a three-port circula-
tor that allows signals to travel only between Port 1 (TX) and Port 2 (ANT), as well as between Port 2
(ANT) and Port 3 (RX). It's important to note that Tx and Rx are isolated from each other.

1.2. In-Band Full Duplex

The In-Band Full Duplex (IBFD) technology allows devices to transmit and receive signals at the same
frequency, also known as Simultaneous Transmission and Reception (STAR) or Simultaneous Fre-
quency Full Duplex (SFFD) [16]. However, Full Duplex (FD) should be used carefully as it may refer
to systems like Frequency Division Duplex (FDD) that transmit and receive on different frequencies.
In this thesis, FD specifically refers to IBFD [16, 17]. FD could represent a significant step forward for
UWB and RadCom systems. By allowing for simultaneous data transmission and reception within the
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same frequency band, FD maximizes the use of available bandwidth and harmonizes with the inherent
advantages of UWB and RadCom systems.

Numerous systems, including cellular phones, Wi-Fi communications, and certain radar architec-
tures, traditionally avoided FD implementation due to the severe self-interference (Sl) produced when
a transmitter and receiver are co-located [18]. Sl can cause receiver desensitization within the desired
receive band, overpowering conventional filters tasked with interference suppression [19][20]. Initial
FD research primarily concentrated on Continuous Wave (CW) radar systems, using continuous trans-
mission to enhance signal reception [21]. Subsequently, it was discovered that a wide array of other
wireless systems could also derive considerable benefits from FD [22].

1.2.1. Self Interference

The idea of FD communication is not entirely new. For instance, early electronic phones used hybrid
transformers to separate the earpiece from the microphone, thereby enabling FD communication over
a two-wire loop to the central office [20]. Within the radar domain, practical ferrite material-based
circulators have facilitated FD operation of transmitters and receivers.

However, introducing FD operation in commercial wireless applications like cellular communication
and WiFi poses unique challenges. The primary hurdle with FD wireless is the substantial transmit-
ter (TX) Sl occurring at the receiver (RX), which can be 90-120 dB stronger than the intended signal
depending mainly on the application. Such potent Sl is particularly susceptible to wireless channel
uncertainties, including frequency selectivity, time variation, and transceiver electronics imperfections,
such as nonlinear distortion and phase noise.

These challenges escalate when considering integrated implementations intended for cost-sensitive
and size-limited mobile devices. Preliminary studies verified the feasibility of S| cancellation and FD op-
eration in commercial wireless applications utilizing laboratory equipment and off-the-shelf components.
Sl cancellation surpassing 100 dB has been demonstrated for military applications. However, these at-
tempts’ self-interference cancellation (SIC) techniques fundamentally conflict with small-size/integrated
circuit (IC) implementation requirements.

Thanks to advancements in complementary metal oxide semiconductor (CMOS) technology, com-
plex digital SIC can provide around 50 dB SIC and can be readily implemented. However, many current
analog/RF SICs in FD demonstrations depend on eliminators using bulky off-the-shelf components,
which are not compatible with compact and low-cost IC implementations. Integrating analog/RF SICs
in ICs is vital for embedding FD wireless technology into mobile devices like smartphones and wearable
devices [19].

Propagation Domain Analog Domain
Multi-path reflection GND | """
C ! Balar ce Network | |
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Figure 1.4: Self-interference and cancellation.
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1.2.2. Self-Interference Cancellation

The authors of [23, 16] conducted studies on the impact of self-interference (Sl) on various system com-
ponents. They extensively classified self-interference cancellation (SIC) methods in multiple domains,
such as the propagation, analog, and digital domains, as shown in Fig. 1.4.

Several transmit-to-receive coupling paths exist within the propagation domain. One such path
is the direct path through the antenna interface device, which typically exhibits limited isolation when
a shared antenna is used. The domain also illustrates the first received over-the-air path for multi-
antenna setups. Systems utilizing a shared antenna enjoy a smaller antenna footprint but also need
to counteract the antenna reflection path arising from imperfect matching of the antenna impedance
to the interfacing device. Both direct leakage and antenna reflection signals usually pose the most
significant interference, necessitating proper management of the multi-path reflection paths created by
environmental objects. Contrary to the relatively static direct path coupling, antenna path and multi-path
reflection signals are dynamic—affected by surroundings, thus necessitating suitable handling.

The analog domain includes RF and analog circuit hardware that connect antennas or antenna
interfaces to the digital conversion stages. Fig. 1.4 shows the IR-UWB transceiver and highlights key
components to indicate various cancellation locations. The first self-interference cancellation occurs
between the antenna and the Low Noise Amplifier (LNA), preventing the LNA from being saturated by a
strong self-interference signal. This takes place in the propagation domain, utilizing a duplexer, which is
the main focus of this master’s thesis. The second Self-Interference Cancellation (SIC) occurs between
the LNA and the mixer in the analog domain. After these two stages of SIC, the signal enters the mixer,
Transimpedance Amplifier (TIA), and Low Pass Filter (LPF) circuits. Although Digital Signal Processing
(DSP) provides infinite flexibility for the digital domain SIC and has always been a hot research topic,
this technology is not covered in this thesis.

1.2.3. Challenges of FD

Full-duplex systems enhance radar and communication by transmitting and receiving signals simulta-
neously. However, the adoption of FD systems introduces the challenge of self-interference, which
can be mitigated through sophisticated signal processing techniques and meticulous hardware design.
These challenges include:

+ Self-Interference (Sl): This is the most significant challenge in FD. When a device is transmit-
ting and receiving simultaneously, the transmission can interfere with the reception, deleting the
received signal’s quality.

» Hardware Complexity: Implementing FD requires additional hardware components for self-
interference cancellation, which can add to the complexity and cost of the devices. Moreover,
it may result in increased power consumption.

* Implementation in Mobile Devices: Implementing FD in compact and cost-sensitive mobile de-
vices presents additional challenges, as it requires integrated circuit designs and self-interference
cancellation techniques that are compatible with these devices’ size and power constraints.

» Dynamic Environment: The performance of FD system can be affected by the dynamism of the
wireless channel, including frequency selectivity and time variation. Also, the signal’s reflection on
surrounding objects can create multipath interference, adding to the challenge of self-interference
cancellation.

* Non-Linear Distortions and Phase Noise: These can be introduced by the imperfections of the
transceiver, which can further complicate the task of self-interference cancellation.

» Design of SIC Algorithms: Designing self-interference cancellation algorithms that can provide
sufficient cancellation, particularly in the digital domain, is a challenging task.

1.3. Scope of Work

1.3.1. Challenges of Duplexer
Therefore, in response to the aforementioned challenges, the following parameters are particularly
important.
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* Isolation: In order to suppress the co-channel leakage from TX to RX, the isolation between TX
and RX needs to be as high as possible. Firstly, because the signal power from TX leakage to
RX is too high, it may desensitize the receiver, thus degrading the overall performance of the
receiving link. This can result in reduced receiver gain and issues of nonlinearity. Secondly, if
the suppression of the leakage signal is insufficient, causing the power of the leakage signal to
exceed the noise floor, this would decrease the signal-to-noise ratio of the transceiver.

» Area: Adding a duplexer between the receiver and transmitter will increase the complexity of
the chip. Therefore, the designed duplexer circuit should be as simple as possible, and its area
should also be as small as possible.

* Power Consumption: Not only the chip area, since the power consumption of the entire UWB
chip is less than 50 mW, the power consumption of the duplexer should not be high, ideally not
exceeding 5 mW.

» Tunability: The antenna impedance varies with the changes in the external environment. There-
fore, the duplexer must maintain good performance despite changes in antenna impedance.

* Insertion loss & Noise Figure: The received signal will enter the duplexer before entering the
LNA, so its noise figure (NF) will greatly affect the receiver’s noise figure. Therefore, its NF should
be as low as possible. Similarly, the transmitted signal must pass through the full duplex, which
requires a low insertion loss.

1.3.2. Specifications

The self-interference in this thesis is shown in Fig. 1.4. After the transmitted signal passes through
the duplexer, the self-interference signal is suppressed and then enters the LNA. The LNA will amplify
the Self-Interference (SI), which is then further suppressed by the Self-Interference Cancellation (SIC)
in the analog domain. The key specification is the level of isolation between TX and RX. The amount
of suppression needed for Sl is determined by factors such as transmitted power, the noise floor of
the receiver, and the required SNR. To calculate the RX noise floor, take into account the channel
bandwidth (BW) and the receiver’s NF. The calculated noise floor is -75dBm. The TX-RX isolation
in the antenna interface needs to meet at least three requirements: 1. It should not desensitize the
receiver. 2. It should not lower the SNR of the UWB chip to SNR;,,;,,. 3. It cannot exceed the maximum
value of 0 dBm for the ADC input. The link budget of the entire receiving link is shown in Fig. 1.5. The
maximum gain of the entire receiving link is 53 dB. The output power of the transmission link is between
-10dBm and 8 dBm. It's important to note that after ADC sampling, by utilizing the determinacy of the
signal and multiple received pulse signals, a coding gain of 64 dB can be achieved. Coupled with the
6 dB gain obtained from ADC oversampling, a gain of 70 dB can be achieved in the digital domain. The
SNR result is 36 dB, the needed SNR is 23 dB, leaving a margin of 13 dB. Overall, the required isolation
in antenna interference and the needed self-interference cancellation in the analog domain are 28 dB,
and 33 dB, respectively.

Pyoiserioor(dBm) = —174(dBm/Hz) + 10 log(BW|[ Hz]) + NF( dB) (1.3)

This thesis aims to develop a novel duplexer that achieves in-band full duplexing from 6.5 to 8 GHz.
To prevent receiver desensitization, it is important to have isolation greater than 30 dB, insertion loss
below 3 dB, noise figure below 4 dB, and power consumption below 4.5 mW. All of these specifications
are compiled in Table 1.2 for reference.

In order to make it more practical, a complete UWB transceiver has been developed, which includes
a duplexer for FD and Radcom capabilities. The transceiver also has a digital self-interference cancel-
lation (DSIC) that provides active self-interference cancellation and increased isolation. The DSIC is a
fully digital self-cancellation technique that was first introduced in Sander Hijmans’ master’s thesis and
further refined in Jiang Liu’s master’s thesis. Both the transmitter and receiver use a validated circuit
[8].

The structure of this thesis is as follows: In Chapter 2, various FD techniques are discussed, includ-
ing their advantages and disadvantages. Chapter 3 introduces a new wideband, low-loss duplexer and
explains its design principles. The design of the complete UWB transceiver is presented in Chapter 4.
Lastly, Chapter 5 contains the concluding remarks and the future work.
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Table 1.2: Design specifications for duplexer

Technology TSMC 28 nm
Supply Voltage (V) 0.9
Isolation (dB) 30
DC Power Consumption (mW) 4.
Operating frequency 6.5-8
Bandwidth (GHz) 1
Noise Figure (dB) 4
Insertion Loss (dB) 3

DSP out



Existing Full Duplexing Technology

In the past, non-reciprocal circulators were created using ferrite materials [24]. Thanks to the Fara-
day effect, these materials display non-reciprocity when applying an external magnetic field. However,
ferrite circulators are costly and cumbersome because the materials used are incompatible with inte-
grated circuit fabrication processes. Therefore, a significant interest is in creating high-performance,
non-magnetic integrated circulators.

This master’s thesis focuses on duplexers in the propagation domain, with a particular emphasis on
electrical balanced duplexers (EBD) and non-magnetic circulators. For duplexers in the propagation
domain, they must meet specific criteria. They should be compact and devoid of losses, offering an
incredibly high power handling capability without necessitating additional power consumption. Con-
ventional FD demonstrations depend on large off-the-shelf antenna interfaces, like antenna pairs and
ferrite circulators [24]. Regrettably, these are not suitable for mobile applications due to their form factor
limitations and the requirement for condensed and integrated FD antenna interfaces. Compact duplex-
ers have improved compatibility with MIMO and diversity applications. Additionally, single-antenna FD
ensures wireless channel reciprocity, which can offer significant benefits [25]. Compact single-antenna
duplexing has been demonstrated in full-duplex single-antenna radio systems (STAR) [19, 20, 26, 27,
28].

The electrical balanced diplexer (EBD) has also been suggested as a reciprocal shared antenna
interface for FD. As a hybrid transformer, it can provide isolation between transmit (TX) and receive
(RX) paths by balancing impedance, but it can result in a minimum 3 dB loss in both the TX-antenna
and antenna-RX [29, 30]. This chapter will introduce three main full duplexing technologies in the
propagation domain, along with their circuit principles.

2.1. Active Quasi-Circulator

In contrast to the recent popular trend of utilizing linear periodically time-varying (LPTV) circuits for
non-reciprocal phase shifting, non-reciprocal circuits realized through active-biased transistors [31, 32,
33, 34] or gyrator circuits [35] are comparatively simpler, as they do not require complex and precise
clock signals.

Transistors that are biased with a DC current or voltage inherently exhibit non-reciprocity due to
their unilateral gain, as shown in Fig. 2.1 and Fig. 2.2. For example, an active-biased transistor with
a forward gain |S21| > 1 can be an isolator with non-reciprocal signal transmission |S21| > |S12].
Initially, active transistors were employed to realize magnetless non-reciprocal components.

The core of a typical active quasi-circulator is illustrated in Fig. 2.1. It comprises a common-gate
transistor (M1) and a common-source transistor (M2). The system works by transmitting signals from
Port 1 (TX) through two separate paths before reaching Port 3 (RX). The first path, which is in-phase,
goes through transistor M1, and the second, which is out-of-phase, passes through transistor M2. As
the signals converge at port 3 (RX), there is a chance that they may cancel each other out, resulting
in isolation. However, the amplitude and phase variations caused by the signal passing through the
in-phase and out-of-phase paths depend on the frequency characteristics of the two different transistor
circuits. Therefore, the circuit in Fig. 2.1 can only achieve limited isolation within a certain bandwidth.

9
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Additionally, since M1, M2, and the current source all inject noise into Port 3, the circuit’s noise perfor-
mance is also poor.

Port 3
Out-Phase Path B RX
M1 \ |—|I- o
I . I | M2
1 |
l ,P/‘ort 1

/ Port 2
R2
X ANT
‘R1

Figure 2.1: Typical active quasi-circulator based on active-biased transistors.

The diagram shown in Fig. 2.2 provides an example of an active quasi-circulator design using
CMOS isolators [34]. This design includes two main components: two CMOS isolators and a Wilkinson
power divider. The CMOS isolators control the signal’s direction, while the Wilkinson power divider
maintains primary isolation between ports 2 and 3. Compared to the active quasi-circulator, as shown
in Fig. 2.1, this design can achieve higher P1dB, enabling the quasi-circulator to handle higher power
levels. However, it's important to note that mismatches between the Wilkinson divider and the isolators
can negatively impact the return losses of port 2 and port 3 and the insertion losses.

Active quasi-circulators tend to be sensitive to the DC bias. Moreover, the transistor’s noise and
nonlinearity can deteriorate the circulator’s performance, especially under high power conditions. Their
power-handling capabilities are insufficient. Therefore, they are not often used in traditional wireless
communication and radar applications where the front end of the transceiver requires exceptional power
handling for transmission and low noise for reception. However, these active methods are compati-
ble with integrated circuit fabrication and have found applications in low-power communications [36]
and biomedical systems [37]. Nevertheless, they are ultimately limited by the noise and nonlinearity
introduced by the active devices.

2.2. EBD Technologies

In order to integrate a duplexer into a system, a couple of strategies can be adopted. Either nonreciproc-
ity must be attained through alternative means, or the duplexer’s reciprocity needs to be preserved
using a four-port network, as depicted in Fig. 2.3. Consequently, electrical balanced duplexers with
four ports are introduced. The antenna, RX, and TX ports are necessary, while the balance network
(BAL) port "balances” the signal from TX to RX.

Electrical balanced duplexers (EBDs) can offset self-interference in FD systems, where transmis-
sion (TX) and reception (RX) occur simultaneously on the same frequency and time frame [38]. Along-
side this passive cancellation at the EBD level, active cancellation methods can be used within the
RF front ends. This dual-mode cancellation can be implemented simultaneously for both frequency-
division duplexing (FDD) and FD systems, offering an enhanced capability for TX—RX leakage cancel-
lation. This approach improves the overall effectiveness of the systems by minimizing self-interference
and maintaining the integrity of the received signal [39].

As shown in Fig. 2.3, when the transmitting signal travel from the power amplifier (PA) to ANT
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Figure 2.3: EBD Circuit.
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(Path 1), the transmitted signal leaks to the RX port. Simultaneously, the transmitting signal reaches
the RX port through TX-BAL-RX (Path 2). Unlike the signal reaching the RX through path 1, the signal
reaching the RX through path 2 is out-phase, with a phase difference of 180°. This results in electrical
balance, where the power flowing through Path 1 is canceled out by an equal amount of power in
Path 2, completely isolating the TX and RX ports. To achieve this, the reflection coefficient at the BAL
port (yg4.) must be correlated to the reflection coefficient at the ANT port (y4n7). This means that the
impedance at the BAL port (Z5 4, ) must respond to changes in the antenna impedance (Z, 7). To match
RX, TX, BAL, and ANT ports simultaneously, bi-conjugancy must be achieved.

2.2.1. Bi-conjugacy Concept

In contrast to the definition of conjugacy in circuit design, bi-conjugacy does not refer to the complex
conjugate of a complex number. Instead, in EBD circuits, two ports, such as TX and RX, are consid-
ered bi-conjugate if they are electrically isolated from each other within the circuit and exhibit equal
but opposite signal transfers to the other ports. This behavior is accomplished by utilizing balanced
voltages or currents to position the two ports forming a bi-conjugate pair in an electrical null zone, ef-
fectively canceling out any signals generated by the other two ports [40]. Obtaining bi-conjugacy can
be achieved using a hybrid transformer, as described in [41].

2.2.2. Hybrid Transfomrer

In [41, 42], the hybrid transformer circuit used in EBD circuits is analyzed in detail. Its simplified model
is shown in Fig. 2.4. Ry, Ry, R., and R, are the impedances of the ports, while N1 and N2 represent
the number of turns for the primary and secondary coils, respectively. The power transmitted by the TX
is split between the antenna and the balance port in a ratio r, which corresponds to the tapping ratio of
the primary windings. To achieve circuit matching, bi-conjugacy must be satisfied between TX and RX
and between ANT and BAL as expressed in equation (2.1).

Port B
ANT

Rs

. 3

N2 E N1
o
Port C T
T rN1 Ra
Port A
RX
Ro
-—
L]
Port D
BAL
—-—
-

Figure 2.4: Hybrid transformer.
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2.2.3. Insertion Loss and Isolation

As mentioned earlier, as shown in Fig. 2.3 and Fig. 2.4, the power at the TX port divides into two paths,
and the '’ power ratio represents the proportion of power transferred from TX to ANT port (Prx_ant)
compared to the power transferred from TX to BAL port (Prx_ga1)- The 'r’ can be easily modified by
adjusting the turn ratio in hybrid transformers.

1+r
TXIL(r) = 1010g(T>,

RXIL(r) = NF(r) = 10log(1 + ).

(2.2)

It can be demonstrated that the insertion losses on the TX path (TXIL) and the RX path (RXIL), or
the noise figure (NF), follow a specific relation. Fig. 2.5 demonstrates the relation between the insertion
loss and the ratio 'r’. As 'r’ changes, a tradeoff between TXIL and NF exists, as shown in Fig. 2.5.
When '’ equals 1, TXIL and RXIL (or NF) hold 3 dB values, highlighting a balanced state [30]. This
3 dB loss is the intrinsic loss of the EBD circuit.

TXIL, RXIL, TXIL+RXIL vs. r
I

}—TXIL
=RXIL
=TXIL+RXIL

Insertion Loss(dB)

r=1->TXIL=RXIL=3dB

Figure 2.5: TXIL and NF of a lossless EBD as a function of r.

In practical use, the extent of TX-RX isolation bandwidth depends on the matched reflection coeffi-
cients (or impedance) between the BAL and ANT ports [42]. The transceiver’s isolation is determined
by the reflection coefficients of the antenna and the balance network, as shown in equation (2.3). In
an ideal case, infinite isolation is achieved over an infinite operating frequency range if the antenna
and BAL impedances are equal to 50 Q). However, the antenna impedance depends on the frequency
and the surrounding environments. One method to increase bandwidth is to design the BAL so that its
impedance closely follows the impedance of the antenna as the frequency changes. This requires care-
ful engineering and may involve incorporating adjustable elements. However, this approach inevitably
increases the complexity of the circuit.

1+r
TX — RX50.(r, @) =2010g [y ant (@) — ¥par(@)| — 20 log( NG > (2.3)

2.2.4. EBD implementations

In [43], a notably complex balance network was designed, as illustrated in Fig. 2.6. This design is
compatible with all LTE bands within the frequency range of 0.7 to 1 GHz. The design of the advanced
balance network aims to ensure stable and efficient performance across multiple LTE bands, accounting
for variable conditions. There are ten fixed inductors and nineteen adjustable capacitors. While this
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BAL achieves a relatively large adjustable range and precision, it requires a significant chip area to
accommodate.
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Figure 2.6: The balance network circuit.

[44] proposed a new EBD circuit called the Phase Gradient Supported Electrical Balance Duplexer
(PBD). The PBD collects signal energy that would otherwise be lost to the ground and improves EBD’s
3 dB intrinsic loss. As shown in Fig. 2.7, by controlling the phase of the phase shifter, the signal can
be directed from the antenna to the RX or from the TX to the antenna. The balance network can
also compensate for impedance mismatches at the antenna port. However, since the components
comprising the PBD are reciprocal, the PBD itself is also reciprocal. In ideal conditions, energy can
flow entirely from the TX to the ANT or from the ANT to the RX, but these two scenarios cannot be
simultaneously achieved. Therefore, the PBD is an improvement on the EBD for FDD applications, as
it has no fundamental insertion loss limit but uses a similar mechanism for isolation.

Balance nejwork X
! S VUUU e

BALUN BALUN
— | I— — | I—

0 0
i e
iAntenna ERX

Phase shifter

Figure 2.7: The schematic of PBD.

In conclusion, EBDs come with certain advantages. They demonstrate high linearity without requir-
ing direct current (DC) power consumption. Moreover, they offer adaptive isolation courtesy of recon-
figurable balance networks. This feature allows the EBD to be more flexible and adaptable to varying
operational conditions, enhancing its overall performance and efficiency [19]. However, in practical ap-
plications, these transmission losses can escalate by an additional 0.5 to 2dB due to non-ideal factors
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such as metal resistivity and substrate loss. Taking into account the inherent 3 dB loss of the EBD, the
combined losses at the receiver and transmitter can reach up to 8 dB, which limits the application of
EBD.

2.3. Non-magnetic Circulator

In order to overcome the 3 dB loss limitation, it is necessary to break the principle of reciprocity. Tradi-
tional non-reciprocal shared-antenna full-duplexers use non-reciprocal ferrite-based circulators which
rely on magnetic materials. However, these materials are incompatible with CMOS technology, making
the duplexer bulky and expensive.

There is a great need for shared-antenna FD systems that do not require reciprocity and are com-
patible with CMOS technology. These systems should have low loss and be able to support high
transmission power. Integrating the antenna interface on the same platform as the transceiver offers
a unified design and optimized radio system. This approach presents an opportunity to review and
question some long-standing design principles for RF systems [19].

Lorentz reciprocity is a fundamental characteristic of electronic structures that are linear, time-
invariant, passive, and based on traditional materials with symmetric permittivity and permeability ten-
sors. Traditionally, nonreciprocity has been achieved using the magneto-optic Faraday effect in ferrite
materials. However, as previously mentioned, ferrite materials are incompatible with CMOS processes.
Also, active circulators are limited in their linearity and noise performance, making them unsuitable for
radio applications with stringent linearity and noise requirements.

Recently, a novel approach to non-magnetic nonreciprocity was introduced based on passive tran-
sistor switching for spatiotemporal conductance modulation, compatible with CMOS. There is ongoing
research into high-performance passive non-magnetic circulators based on linear, periodically time-
varying (LPTV) switches in CMOS across RF to millimeter-wave frequencies. [26, 28] achieved +90°/-
90° non-reciprocal phase shifting by implementing these non-reciprocal circuits through the character-
istics of n-path filters. Through an ingenious switching circuit, spatiotemporal conductance modulation
[27] was realized, allowing the circulator to operate at higher frequencies and lower power consump-
tion. Additionally, there are more simple and direct methods to achieve non-reciprocal phase shifting,
such as using a gyrator [35] or varactor [45]. [35] realizes the non-reciprocity of forward and reverse
signals by controlling the tap direction of the transformer.

2.3.1. N-path filter based

N-path filters have emerged as a potential answer for creating adjustable, high-quality factor filters at
RF band, capitalizing on the capabilities of nanoscale CMOS IC technology [28, 46, 47, 48]. These
belong to a category of LPTV networks that cyclically channel signals using passive transistor switches
through an array of capacitors. This process results in a second-order band-pass filter profile, achieved
by converting the low-pass filtering effect of the capacitor to a center frequency defined by the clock
frequency. It has been observed thatinducing a relative phase shift between the non-overlapping clocks
that govern the input and output switch sets of a two-port N-path filter introduces a non-reciprocal phase
shift. The signals moving in forward and reverse directions encounter this shift due to the disparate
sequencing of the phase-shifted switches they come across. Despite this, the magnitude response
remains reciprocal, and the filter retains its low-loss tunability, similar to conventional N-path filters
shown in Fig. 2.8.

The switches and capacitor loads (CLs) in Fig. 2.8 can be modeled as parametric modulators and
low-pass filters, as shown in Fig. 2.9. The low-pass filter consists of the source impedance, load
impedance, and CLs. The signal transmission process can also be understood by considering each
group of commutating switches as an in-phase and quadrature reciprocal modulator, which carries out
frequency up-conversion and down-conversion [46]. Fig. 2.9 represents signal propagation through
the staggered commutated network in both forward and reverse directions. Assuming a cosine input
signal at a frequency near the commutation frequency, each switch group can be modeled as an in-
phase and quadrature reciprocal modulator that multiplies the input signal with the cosine and sine
variants of the pump signal.

The second set of pump signals is assumed to lead the first set by +90°. The usage of unstaggered
commutated networks to create reciprocal comb filters is based on the principle of frequency translation
from low-pass filtering to RF using commutating switches. This low-pass filtering significantly dimin-
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Figure 2.8: Magnetic-free non-reciprocity based on the non-reciprocal phase response of a two-port phase-shifting N-path filter
[28].

ishes the up-converted signal after the first modulation. As a result, there is a non-reciprocal phase
response for signal transmission in the forward and reverse directions. It is worth noting that while
the up-converted frequency components are filtered out, the desired signal does not experience any
power loss as the commutated media are purely capacitive. A commutator with at least four paths can
be interpreted as a reciprocal in-phase and quadrature frequency converter. The low-pass filters min-
imize the up-converted components after the first commutation. Consequently, phase non-reciprocity
is observed for signals moving in the forward and reverse directions through a staggered commutated
network.

Now the non-reciprocal phase shifter is obtained by N-path filter technology. Next, the non-reciprocal
phase shifter is embedded into three-quarters of a wavelength loop, as shown in Fig. 2.10. The com-
bined non-reciprocal phase shift of the N-path filter and the reciprocal phase shift of the transmission line
allow for one-way wave propagation (—270° — 90° = —360°). This is because the boundary condition
for wave propagation in the opposite direction cannot be met (—270° + 90° = —180°). Furthermore,
a three-port circulator can be created if ports are placed at any point along the loop with a quarter
wavelength distance between them. This leads to the defined S-parameters at the center operating
frequency, as shown in equation (2.4).

0 0 -1
Scirc (fs) =|—-j 0 0 (2-4)
o — O

[28] has developed a prototype circulator in a 65-nm CMOS process designed to operate between
610-850 MHz. The design incorporates an N-path filter, utilizing eight paths. Each quarter-wavelength
transmission line is substituted with an integrated Capacitor-Inductor-Capacitor (CLC) section, with off-
chip inductors deployed to enhance the quality factor. Experimental results revealed a transmission
loss of 1.7 dB between TX-Antenna and Antenna-RX. However, broadband isolation exceeding 15dB
between TX and RX was achieved (up to 50 dB in narrowband isolation when using an antenna tuner).
The in-band 1IP3 for Antenna-Rx and TX-Antenna measured at +8.7 dBm and +27.5 dBm, respectively.

To enhance the Q-factor of the quarter-wavelength transmission line, the circuit design employed
off-chip inductors, which, however, enlarged the overall circuit footprint. The prototype has difficulty
handling situations where the antenna port is not optimally matched. If the impedance of the antenna
port deviates from the ideal 50 Q, it upsets the circuit balance, which results in reduced isolation and
increased insertion loss. In response to this issue, subsequent iterations of the circuit [48, 49] design
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incorporated a balance network at one end of the N-path filter, as shown in Fig.2.11. This addition
addressed the negative impact on circuit performance caused by switch resistance (R, ) and parasitic
capacitance. However, it was found that the balance network was ineffective in restoring performance
for antenna port conditions that were not 50 Q. In particular, isolation and insertion loss were not im-
proved. Itis worth noting that the circuit leverages the inherent down-conversion property of the N-path
filter, extracting the down-converted baseband signal directly from the load capacitor. This approach
eliminates the need for a mixer circuit, thereby simplifying the overall design.

Due to the N-path filter’s high Q-value characteristic, the circuit effectively suppresses out-of-band
interference signals. However, this also limits its ability to support wide operating bandwidths, making
it unsuitable for wideband UWB circuits. The circuit’s primary drawback lies in its power consumption,
necessitating a periodic local oscillator signal to drive 8 or 16 switches. For example, the non-magnetic
circulator based on the N-path filter in [50] operates in the range of 0.55 to 0.9 GHz, but its power con-
sumption is as high as 24 mW. Moreover, according to equation Power = CV2f, the power consumption
will increase as the frequency rises. In addition, the intrinsic loss of the N-path filter is related to the
number of its branches, as shown in Table 2.1. To achieve lower loss, a larger value of N is preferable.
However, this also means more CLs and parasitic capacitance, increasing the circuit power consump-
tion. Therefore, N is typically chosen to be 4 or 8. Another point of concern, not elaborated in the
referenced articles [48, 49], is the impact of local oscillator signal phase noise on receiver noise. Se-
curing a clean local oscillator signal, especially at high operating frequencies, represents a significant
challenge.
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Table 2.1: Loss Parameters of N-Path Filter

N E Loss = sinc” (l)
N

4 0.25 1.83 dB

8 0.125 0.45dB

16 | 0.0625 0.11 dB
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2.3.2. Spatiotemporal Conductance Modulation

Inspired by the N-path filter-based low-RF CMOS circulator, [51, 52] have proposed a nearly 28-GHz,
fully integrated passive circulator, using a 45-nm SOl CMOS, as shown in Fig. 2.12. This innovative
design is based on an expanded concept of spatiotemporal conductivity modulation. Similar to the
N-path, filter-based staggered commutation, this concept achieves phase nonreciprocity. However, it
utilizes a modulation frequency that is significantly lower than the operational frequency—only a third in
this case—which enables the possibility of mm-wave operation and dramatically improves bandwidth.
Additionally, the lowered local oscillator frequency correspondingly reduces circuit power consump-
tion and complexity of the clock signal. A differential implementation also minimizes the LO leakage,
enhancing power handling.

Building on this foundation, [53] have developed a non-magnetic CMOS 60 GHz circulator based on
spatio-temporal conductivity modulation (STCM) across a loss/dispersion-engineered bandpass filter.
Leveraging a fully passive architecture based on LC all-pass filters, [54] has enhanced the bandwidth
of the circulator while achieving low power consumption. The circuit operates at a central frequency
of 6.5 GHz, possessing a fractional bandwidth of 28%, and it features a 2.2 dB insertion loss, 2.4 dB
noise figure, and 18 dB isolation, all while consuming only 2.5 mW of core power. These results are
credited to the fully passive architecture based on LC all-pass filters, which permit a 1.6-fold increase
in fractional bandwidth and the lowest power consumption, all within a core area of merely 0.45 mm?.

The idea of spatiotemporal conductivity modulation is illustrated in Fig. 2.13. This concept involves
two sets of differential mixer-quad switches situated on both sides of a differential transmission-line
delay. The switches are triggered at a modulation frequency called w,,,. The transmission line delay is
a crucial factor that is equivalent to a quarter of the modulation period (T, /4).

The switches on the left and right sides are controlled by square-wave clocks with a 50% duty cycle,
but the clocks on the right side are delayed by T,,, /4 compared to the ones on the left side. As a result,
waves traveling from left to right will go through the transmission-line delay without any changes in
polarity during the first half of the clock period. In the second half of the clock period, they will undergo
two polarity changes that negate each other, as depicted in Fig. 2.13(a).

On the other hand, when waves move from right to left, they experience the transmission-line delay
and a single sign flip during each half of the clock period, as shown in Fig. 2.13(b). This indicates
that transmission in both directions is completely lossless. Additionally, there is a non-reciprocal phase
difference of 180°, which is shown to be infinitely broadband in Fig. 2.13(c).

Similar to the N-path filter-based non-magnetic circulator circuit, spatiotemporal conductivity mod-
ulation also falls into the category of linear periodically time-varying (LPTV) circuits. These types of
circuits require accurate local oscillator signals to control the switches in the circuit, increasing their
complexity. The core CLC circuit demands a substantial chip area. Moreover, during the spatiotempo-
ral conductivity modulation process, to enhance return loss and reduce insertion loss, the circuit needs
to employ a differential structure rather than a single-ended one [55]. As a result, a balun circuit must
be added to single-ended ports, such as antenna ports, to convert single-ended to differential. This
addition increases the overall insertion loss of the circuit and the chip area. Further, when there is a
mismatch at the antenna end, the insertion loss and isolation of the circulator are significantly impacted.
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2. Existing Full Duplexing Technology
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Figure 2.12: The 28GHz magnetic-free non-reciprocal passive 45nm sol CMOS circulator[51].
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Figure 2.13: The non-reciprocal phase shifting in spatiotemporal (a) Propagation in the forward direction, (b) Propagation in the
reverse direction, and (c) The S-parameters [19].






The Propoese Full Duplexer

The project details outlined in section 1.3.2 indicate that the Power Amplifier (PA) has a maximum output
power of 8dBm. This significantly differs from regular wireless communication, where transmission
power is close to 1 W. As a result, less stringent performance is required under high-signal conditions.
In this project, the duplexer is integrated into the UWB transceiver, and the total power consumption of
the entire UWB transceiver is less than 50 mW. The duplexer cannot consume too much power, and
it is expected that the power consumption of the duplexer is about one-tenth of the total transceiver
power consumption, around 5 mW.

As a passive device, the Electrical Balance Duplexer (EBD) provides an appealing option given its
low power consumption and superior large-signal performance. However, the EBD’s inherent 3dB loss
combined with an approximate 1 dB loss from the transformer, results in a deterioration of around 4 dB
in both the transmission link and noise figure within the 6-9 GHz working frequency range.

A non-magnetic approach based on Spatiotemporal Conductance Modulation has the potential to
achieve low power consumption and satisfactory small and large signal performance at higher frequen-
cies. But this technology is performed in a differential circuit to improve its performance [36], and both
the receiver and antenna ends of the UWB chip only process single-ended signals, with the PA output
being the only differential signal. Consequently, implementing this approach would necessitate two
extra baluns at both the receiver and antenna to transition single-ended signals into differential ones.
This not only augments the chip area but also induces additional insertion loss. Moreover, similar to the
non-magnetic circulator based on the N-path filter, this type of circuit is also sensitive to changes in the
antenna VSWR. Furthermore, generating a precise, low-phase noise local oscillator signal presents its
own set of challenges.

3.1. The Principle of Gyrator-Enhanced Electrical Balanced Duplexer

As mentioned before, the optimal circuit structure would involve the design of a low-power non-reciprocal
device built on the EBD platform, which would then be employed to create a non-magnetic circulator.
This approach would balance low power consumption and minimal chip area usage while achieving a
low insertion loss and excellent isolation at wideband frequency. This section will provide a detailed
overview of the evolution process from traditional EBD circuits to ideal Gyrator-Enhanced Electrical
Balanced Duplexer (GE-EBD) circuits.

3.1.1. The Lossless EBD
The signal flow in a typical EBD is depicted in Fig. 3.1. Only a portion of the signal is transmitted
through the antenna, while the rest is lost through the balance network. If it were possible to collect the
signal lost through the balance network to the ground, the intrinsic loss of the EBD could be eliminated.
The most intuitive method for improvement is to remove the BAL and merge the signal transmitted
from the TX to the ANT, as shown in Fig. 3.2(a). Once the signal is transmitted and goes through the
hybrid transformer, it is separated into two paths: in-phase and out-of-phase. After going through a
transmission line with a length of 180°, the out-of-phase signal is transformed into the in-phase. In this
way, the signal can be merged using a power combiner and output to the antenna. However, the signal
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received by the antenna is now split into two paths by the power splitter. Both signals are in phase,
but one of the in-phase signals becomes Out phase after passing through the 180° transmission line.
Thus, these two signals will cancel out at the LNA input, and RX will not receive any signal. Similarly,
if the 180° transmission line is changed to a 0° transmission line, the antenna will not obtain the output
signal from the PA, even though RX can normally receive the signal from the antenna, as shown in
Fig. 3.2(b). In conclusion, since the signal is transmitted in a loop, assuming that the devices in the
figure are ideal, the insertion loss will be 0 dB. However, this circuit can only achieve FDD functionality,
meaning that it can either transmit or receive signals depending on the phase characteristics of the

transmission line in Fig. 3.2 [44].
Antenna
Transmitting

1S 3¢
) i€

Loss 4
/’ Balance Network

GND

Figure 3.1: The signal power flow in a typical EBD.

3.1.2. The Block Diagram of GE-EBD

Based on the two modes of the circuit above and incorporating the non-reciprocal phase shifter in
the non-magnetic circulator, it seems possible to achieve Full Duplexing (FD) by simply substituting
the transmission line or phase shifter in Fig. 3.2 with a non-reciprocal phase shifter. This resolves
the issue of full duplexing. However, there is another problem: how to compensate when there is an
impedance mismatch at the antenna port. This cannot be achieved using a power splitter (in fact, if
only the non-reciprocal phase shifter is used to replace the fixed phase shifter and the power splitter
is retained, this structure is very similar to the non-magnetic circulator). However, if a hybrid coupler is
used to replace the power splitter, and the additional port of the hybrid coupler is connected to BAL, it
may be possible to compensate for the impedance mismatch at the antenna port. Hence, by making
these changes, a new circuit is created. Then, we need to focus on:

» Designing a low-power +90°/ — 90° gyrator to replace the fixed phase shifter.

» The hybrid coupler can compensate for mismatch at the antenna port and provide a fixed phase
shifting. This allows the original non-reciprocal phase shift of 0°/180° to be revised to a non-
reciprocal phase shift of +90°/ — 90°. In addition, the hybrid coupler can be implemented with
a transformer in RF IC design. And compared to implementing phase shifters with transmission
lines, it occupies a smaller area and has a wider operating bandwidth.

The block diagram of the proposed circuit, gyrator-enhanced electrical balance duplexer (GE-EBD),
is shown in Fig. 3.3. A hybrid transformer connected to the antenna fulfills the function of the original
EBD circuit. The hybrid transformer within the diagram accomplishes the task of creating electrical
balance and converting the differential signal from the TX into a single-ended signal. Meanwhile, a
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Figure 3.2: The signal flow diagram in a lossless duplexer. (a) The transmitting signal is split into two equal power signals, with
a phase difference of 180° after passing through the hybrid transformer. One signal directly enters the antenna port, while the
other requires phase adjustment via a 180° transmission line or phase shifter before entering the antenna port. The two signals
are superimposed at the antenna port. (b) During the process of receiving signals, the antenna receives a signal and splits it
into equal halves using a power splitter. These halves are then fed into the hybrid transformer, and at the RX, they are in
phase, resulting in a combination at the RX port.
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hybrid coupler takes over the function of the initial power splitter. The balance network connected
to the hybrid coupler compensates for the antenna’s impedance mismatch. This hybrid transformer
can be realized using a transformer with a high coupling coefficient, thereby fulfilling the function of
a traditional EBD circuit. The non-reciprocal phase shifter enables full duplexing and determines the
power consumption and noise of the duplexer. As shown in Fig. 3.4, the signal flow diagram explains
how GE-EBD achieves lossless full duplexing. Detailed analysis of this can be conducted using S-

parameters.
Antenna
Hybrid Coupler Hybrid Transformer
>< RX GND
| . []
—p GND
BalanceNetwork 13
<+
GND Nonreciprocal Phase shifter

Figure 3.3: The block diagram of the proposed duplexer.
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Figure 3.4: The signal power flow in the proposed duplexer. During reception, the signal is superimposed at the RX.
Conversely, during transmission, the signal is superimposed at the antenna port.

3.2. Model and Analysis

In order to analyze the isolation and insertion loss of the proposed duplexer, the simplest method is
to conduct a small-signal analysis using S-parameters. To simplify calculations, the model in Fig. 3.3
is simplified, as shown in Fig. 3.5. Here, [SB] represents the hybrid coupler, [SA] signifies the hybrid
transformer, and [SP] represents the non-reciprocal phase shifter. [aB] represents the incident wave
of the hybrid coupler, and [bB] represents the reflected wave of the hybrid coupler. [aA] represents
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the incident wave of the hybrid transformer, and [bA] represents the reflected wave of the hybrid trans-
former, as shown in Fig. 3.5. To simplify calculations, it is assumed that the magnitude of the return

loss is zero at each port of the hybrid coupler, non-reciprocal phase shifter, and hybrid transformer.
Using the definition of S-parameters, the equation is as follows:

[bB] = [SB][aB],
[bA] = [SA][aA]. (3.1)

Antenna -aA3—
l 3 —bA3-
YanT

BalanceNetwork

GND

[SP]
Figure 3.5: The S-parameter analysis of the proposed duplexer.

For the ideal hybrid transformer and non-reciprocal phase shifter, their S-parameters are equation
(3.2) and equation (3.3), respectively:

1 1
0 = &= 0
Ly o 4
[sA]=| ¥ 2 (3.2)
z 9 % =
0 = -%= 0
(0 —Jj

Only the S-parameters of the hybrid coupler, represented as [SB], remain unknown. Based on
specific requirements, different types of hybrid couplers can be chosen.

3.2.1. 90° Hybrid Coupler based
By examining the block diagram of a hybrid coupler, it can be inferred that utilizing various types of
hybrid couplers will yield unique outcomes. Initially, the most basic type, the most basic type - 90°

hybrid coupler - is implemented. The corresponding S-parameter matrix for the 90° hybrid coupler can
be found in equation (3.4).

.1 1
0 _Jﬁ _ﬁ 01
[SB] = 2 vz (3.4)
7z NG
0 -—-—%= —j= 0
vz I

In terms of the isolation from the TX to RX, the signal a,5 output from the transmitter (TX) and the

signal by, input to the receiver (RX) are considered. The ratio of these signals corresponds to the
TRANSMISSION or LEAKAGE from TX to RX, which is the inverse of the isolation.
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b
TRANSMISSION;x_gpy = —= (3.5)

aas

1
TRANSMISSIONyx_px = ISOLATION 5 —rx (3.6)
The following equations can be obtained from Fig. 3.5. To simplify the calculations, assume that

the RX end is perfectly matched, resulting in a reflection signal of 0 at the RX.

bar = ap; (3.7)
bg1 = aa; (3.8)
aB3 = Ybal * bp3 (3.9)
a2 = Yant * b2 (3.10)
aps = SP12 - bag (3.11)
apq = SPy1 - bpg (3.12)
pp = 0 (3.13)

Upon integrating equation (3.1), (3.7)-(3.13) into equation (3.5), the TRANSMISSION;x_grx can be
established as follows:

2 2
((—SB32¥ant — SBis¥bar) ) SP21 — SB21SByzVant — SB31SBastba

TRANSMISSIONry_px = > Py,
2 2
(SB21SBa4zVant + SB31SBu3¥ba)SP21 SB21Vant = SB31¥pal
+ + +
2 2 2
(3.14)

Thus, by substituting the known S-parameters of the hybrid transformer, hybrid coupler, and non-
reciprocal phase shifter into equation (3.14), the ideal TRANSMISSION7x_rx Can be calculated as
follows:

TRANSMISSION;x_px = —Vant (3.15)

Equation (3.15) shows that under ideal conditions, TRANSMISSION;x_gx Or isolation depends
solely on the reflection coefficient of the antenna port. If the antenna port is matched to 501, the
TRANSMISSION;x_gx is zero, meaning no signal is transmitted from the transmission port to the re-
ceiving port. However, any mismatch at the antenna port would deteriorate the isolation, which the
balance network cannot compensate for.

Next, we calculate the insertion loss at the RX, which is the ratio of the signal b,, output to the RX
port and the signal ag, input from the antenna port:

b
RXIL = 22 (3.16)
ap,

To simplify the calculation, assuming that the TX port is matched:

aus =0 (3.17)

Similar to the calculation of TRANSMISSIONrx_rx, Substituting equation (3.7),(3.8),(3.9),(3.11),(3.12),(3.13)
and (3.17) into equation (3.16), RXIL can be derived:
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2(SB4;SP,1 + SB
RXIL=\/_( 42 221 21) (3.18)

After substituting the S-parameters, the result for RXIL is:

RXIL = —j = loss =0dB (3.19)

Based on equation (3.19), assuming ideal conditions where there is no loss from each hybrid cou-
pler, hybrid transformer, and non-reciprocal phase shifter, and no mismatches at each port, the signal
from the antenna to the receiver only has a phase difference of —90°. Using similar steps, the insertion
loss from the TX port to the antenna port can be calculated:

2(—SB4,SP;, + SB
TXIL = V2( 42 212 21) (3.20)

TXIL =—j=loss =0dB (3.21)

3.2.2. Phase and Amplitude Mismatch of Non-reciprocal Phase Shifter
The above result is based on the assumption that the non-reciprocal phase shifter has no phase mis-
match and there are no losses during forward and reverse transmissions. Next, we will analyze the
case where the non-reciprocal phase shifter is not ideal.

Firstly, assuming that the non-reciprocal phase shifter suffers from some phase mismatch, its S-
parameters [SP] can be described as follows:

[sP] = < je(}qa 7 ) (3.22)

Following the steps outlined above, the relation between phase mismatch and transmission can be
calculated:

el +1
2
According to equation (3.23), it can be observed that when there is a phase mismatch, the TRANSMISSIONyx_rx

is not only dependent on the reflection coefficient at the antenna port but also on the value of the phase

mismatch. It is known that the absolute value of the product of two complex numbers will not exceed

the product of their absolute values. Therefore, it contributes to increased isolation from TX to RX. By

TRANSMISSION;%_px = —Vant (3.23)

extracting the second term # in the equation (3.23), excluding the antenna reflection coefficient,
and plotting it, the results are shown in Fig. 3.6 (a). When there is no phase mismatch (¢ = 0°), the
extra isolation provided by the phase mismatch is 0dB. At +90°, the extra isolation is 3 dB. Similar
conclusions can be drawn when phase mismatch occurs at S;,. In short, phase mismatch does not
degrade isolation. It improves isolation from transmitter to receiver, but what is the cost? The following
analysis will discuss the impact of phase mismatch on insertion loss.

Using the same approach, the RXIL can be obtained, as shown in equation (3.24) and Fig. 3.6
(b). When the phase mismatch is 0°, RXIL (Receiver Insertion Loss) is 0 dB. However, as the phase
mismatch increases, RXIL gradually deteriorates. TXIL remains the same as given by equation (3.21)
in this condition. This is because only S,; changes while S;, remains the same. According to the signal
flow diagram in Fig. 3.4b, the transmitted signal is unaffected. Similar conclusions can be obtained if
the phase mismatch occurs at S;,. TXIL deteriorates while RXIL remains unchanged.

RXIL = —é(e”’ +1) (3.24)

Next, the effect of amplitude mismatch in the non-reciprocal phase shifter on the performance of
the duplexer needs to be analyzed. Similar to the previous analysis approach, start with a simple
assumption:

[SP] =< AI?@. _Oj ) (3.25)
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Figure 3.6: The influence of phase mismatch. (a) The additional Isolationryx_rx is caused by phase mismatch. (b) The
relation between RXIL and phase mismatch.

The amplitude of S,; decreases by a factor of AM. The transmission (or isolation) and RXIL can
be calculated accordingly, as shown in equation (3.26) (3.27) and Fig. 3.7. The additional isolation
caused by the amplitude mismatch of the non-reciprocal phase shifter is depicted in Fig. 3.7 (a), while
its RXIL is shown in Fig. 3.7 (b). The behavior of TXIL is similar to that of phase mismatch, where
TXIL deteriorates only when amplitude mismatch occurs in S;,.

AM + 1
TRANSMISSIONrx_px = ~Vant— (3.26)
AM + 1
RXIL = —j— (3.27)
. Extra IsolationTx_Rx vs. Amplitude Mismatch
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Figure 3.7: Effects of amplitude mismatch on the duplexer

In summary, the non-reciprocal phase shifter’s variations in phase and amplitude are reflected in
the Isolationrx_gx and insertion loss. While they improve the duplexer’s performance by introducing
extra Isolationry_gyx, they also worsen the insertion loss. Due to the unidirectional nature of the non-
reciprocal phase shifter, changes in S,; only affect Isolation;x_ryx and RXIL, while changes in S;, only
affect Isolationrx_grx and TXIL.The situation is more intricate than expected because the return loss
of practical devices is not zero, leading to a non-unidirectional signal flow diagram as depicted in Fig.
3.4. As aresult, changes in S,; affect TXIL and changes in S;, affect RXIL. It is necessary to introduce
adjustable components at appropriate locations in the duplexer to compensate for the mismatch.

3.2.3. Phase and Amplitude unbalance of Hybrid Coupler

The amplitude and phase unbalance of the hybrid coupler can also cause changes in the performance
of the duplexer. If amplitude and phase unbalance exist in the hybrid coupler, they can be represented
by AUe’?, where AU stands for amplitude and 6 stands for phase. The expression AUe/? is inserted
into the equation: (3.14)(3.18)(3.20):
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AU/ +1
TRANSMISSIONyx_px = —yam(T)2 (3.28)
AU +1
RXIL = —j———— (3.29)
AU +1
TXIL = s (3.30)
According to equation (3.28)(3.29)(3.30), the unbalance of amplitude and phase will bring additional

. . AUel® 1 . . . .
isolation ('ZTJ')2 to Isolationx_gx. However, this comes with the added cost of increased losses

jo
in both the RXIL and TXIL, by a factor of M, as shown in Fig. 3.8. This is consistent with the

signal flow chart in Fig. 3.4. The hybrid coupler combines the In-phase and Quadrature signals, and
the unbalance of amplitude and phase brings about losses during power combination. To minimize the
impact of phase or amplitude imbalance, it is important to keep the loss below 1dB. Therefore, the
corresponding phase imbalance should be less than 45°, and the amplitude imbalance should be less
than 2dB, as shown in Fig. 3.8.
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Figure 3.8: When amplitude and phase unbalance exist in the In-phase and Quadrature paths of the hybrid coupler, changes
occur in Isolationyx_rx and insertion loss. (a) Additional Isolationryx_rx and amplitude unbalance. (b) Insertion Loss and
amplitude unbalance. (c) Additional Isolationryx_rx and phase unbalance. (d) Insertion Loss and phase unbalance.

3.2.4. 45° Hybrid Coupler based

Section 3.2.1 shows that theoretically, a lossless GE-EBD can be achieved theoretically if a hybrid
coupler is implemented as a 90° hybrid coupler. However, the balance network cannot compensate
for the mismatch at the antenna port. This is because all the energy split from the TX is recycled back
to the antenna port. Without accounting for return loss in those ports, there will be no energy transfer
to the balance network. As a result, leveraging the correlated signal to rectify the mismatched signal
at the antenna port becomes unfeasible. Therefore, a different type of hybrid coupler is needed to
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distribute a small part of the energy to the balance network, ensuring that this portion of the signal is
correlated with the signal transmitted to the antenna port. This way, this part of the signal can be used
to compensate for the mismatched signal at the antenna port. Equation (3.31) shows that in the GE-
EBD with the 45° Hybrid Coupler, the incident wave bg; is injected into BAL. In contrast, in the GE-EBD
with the 90° Hybrid Coupler, the incident wave bg; is not injected into BAL, which confirms the prior
analysis. A 45° hybrid coupler is used to replace the 90° hybrid coupler. The S-parameters of a 45°
hybrid coupler are shown in equation (3.32). It is worth noting that only the hybrid coupler is changed in
GE-EBD. To maintain the functionality of full duplexing, the phase shifting of the non-reciprocal phase
shifter remains unchanged, still +90°/ —90°.

(V2 + (2 —V2)j) X bp,

bpz = : : (3.31)
(L+ (1 +V2))) X Vant + (V2= 14)) X Vpal
. 1.
0 0.5 —0.5j -5/ 01
0.5 — 0.5] 0 0 ——j
[SB] = 7 2 (3.32)
—7) 0 0 0.5+ 0.5j
1. ,
0 -7 0.5+ 0.5j 0

By substituting equation (3.32) into equation (3.14),(3.18),(3.20), TRANSMISSION7x_grx, TXIL, and
RXIL can be easily obtained:

(V2 + 1)1 -)) (V2 -1 +))

TRANSMISSIONyx_px = 7 Yant + 7 Yoal (3.33)
2+vV2 V2

RXIL = r— Tj = Loss = 0.68dB (3.34)
2+vV2 V2

TXIL = . Tj = Loss = 0.68dB (3.35)

From equation (3.33), it can be seen that the TRANSMISSION;x_gx not only depends on the reflec-
tion coefficient y,,,; at the antenna but also on the reflection coefficient y,; at the balance network. By
adjusting y,q;, it is possible to compensate for the mismatch at the antenna. However, the cost is an
increase in insertion loss by 0.68 dB. This is because a small portion of the energy is distributed to the
balance network by the 45° hybrid coupler to compensate for the mismatch at the antenna port. The
next step is to determine the range for compensating for the mismatch in the antenna port.

Firstly, because the reflection coefficients of the antenna y,,; and the balance network y,,; are
complex numbers, suppose their values are respectively:

Yant = @+ bj (3.36)

Ypa =X +Yj (337)

Substitute equations (3.36) and (3.37) into equation (3.33). Set TRANSMISSION;x_grx to zero to
obtain the relation between the reflection coefficients of the antenna port and balance network under
ideal TRANSMISSION;x_rx conditions.

X=02+1)2b
(3.38)
Y=-(V2+1)2-a
The absolute values of the reflection coefficient should be between 0 and 1:
1
X?+v2<1=>a?+b%< (3.39)

(V2 +1)*
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Finally, The balance network’s compensation range for antenna-port mismatches has been deter-
mined. The balance network can effectively provide compensation when VSWRis less than 1.5, achiev-
ingan TRANSMISSIONyx_gx level of zero when VSWR is below 1.4142 and reachingan TRANSMISSIONyx_gx
level of -30dB (ISOLATION = 30dB) when VSWR is between 1.4142 and 1.5.

1
h/antl < m = VSWR < 1.4142 (340)

3.2.5. 60° Hybrid Coupler based

Similarly, by replacing the 45° hybrid coupler with a 60° hybrid coupler, the compensation range of the
Balance Network can be expanded. However, the trade-off is a higher insertion loss. The S-parameters
of a 60° hybrid coupler are as equation (3.41).

1 3 .1
1 < \/5) o1
—=(05—j— 0 0 —j=
[sB]=| Y2\ 72 L s (3.41)
o1 1 3

By substituting equation (3.41) into equation (3.14),(3.18),(3.20), TRANSMISSIONyx_rx, TXIL, and
RXIL can be easily obtained:

3 3V3, 1 V3
TRANSMISSIONyx_px = g - ?] Yant + g + ?] Ybal (3.42)
RXIL =TXIL = 1.25dB (3.43)

3.2.6. The optimal Transmission

Replacing the 45° hybrid coupler with a 60° hybrid coupler increases insertion loss from 0.68dB to
1.25dB. The balance network’s compensatable range also expands. If the VSWR of the antenna is less
than 2, the balance network’s reflection coefficient can be adjusted to reduce TRANSMISSION;x_rx
amplitude to zero, preventing signal energy transfer from TX to RX. Table 3.1 displays the outcomes
of utilizing three types of hybrid couplers. The 90° hybrid coupler performs the best, but it can’t utilize
the balance network to compensate for the mismatch at the antenna port. The 60° hybrid coupler can
provide compensation when the VSWR of the antenna is less than 2, but it inherently has an insertion
loss of 1.25dB.

Table 3.1: Comparison of GE-EBD Performance with Different Hybrid Couplers

TRANSMISSION;x_rx| RXIL (dB) | TXIL (dB) | Compensable
Range
(VSWR)
45° Hybrid Coupler-Based | = 200Dy i | 068 068 | <141
V2-1)(1+))
—  Vba
60° Hybrid Coupler-Based | = (2—22j)y, + | 125 125 | <2
V3.
(§ + ;3]) Ybal
90° Hybrid Coupler-Based | = —y.nt 0 0 =1
. . — T
Note: ISOlathTLTX_RX = m

Fig. 3.9 illustrates the significant advantages of a GE-EBD that can use BAL to compensate for an-
tenna impedance mismatch. A 90° hybrid coupler-based GE-EBD achievesideal TRANSMISSIONtx_gx
(or Isolationyx_rx) between TX and RX only when VSWR = 1. As the antenna’s VSWR worsens,
Isolationy_px deteriorates accordingly, eventually reaching 3dB. When using a GE-EBD with a 45°
hybrid coupler or a 60° hybrid coupler, it is possible to achieve excellent Isolation;y_rx over a wider
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range. This is because these couplers can use BAL to compensate for any antenna impedance mis-
match. If the VSWR is less than 1.41, the 45° hybrid coupler-based GE-EBD can achieve perfect
Isolationrx_gx, While the 60° hybrid coupler-based GE-EBD can do so when the VSWR is less than 2.
Even if the VSWR deteriorates to 1.5, the GE-EBD using a 45° hybrid coupler can still provide 30 dB of
Isolationryx_gx. However, if the VSWR worsens to 2.2, only the GE-EBD using a 60° hybrid coupler
can achieve 30dB of Isolationyx_gx. In such cases, the performance of the GE-EBD utilizing a 45°
hybrid coupler declines, and the GE-EBD using a 90° hybrid coupler can only offer 15dB or 8 dB of
Isolationyy_px.

The Optimal IsolationTX_Rx vs. Antenna VSWR

) =90 Hybrid Coupler-Based
Ex 30 =45 Hybrid Coupler-Based
ﬁ 60° Hybrid Coupler-Based

o 40
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& 50
[}
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Figure 3.9: The optimal Isolation that the GE-EBD based on different hybrid couplers can achieve as the antenna VSWR
changes

3.3. Hybrid-coupler Design

According to the introduction in Section 3.2, three different performances of GE-EBD were achieved by
using three types of hybrid couplers with different phases. While the 45° and 60° hybrid coupler-based
GE-EBD provide a larger compensable range, they induce losses of 0.68 dB and 1.25 dB, respectively.
In this thesis, the 90° hybrid is implemented for the following reasons:

1. In UWB transceiver applications, either on-chip or off-chip antenna impedance matching networks
are employed to keep the antenna port impedance close to 50 Q. Once this duplexer is integrated
into the UWB transceiver, this matching network can be used to ensure the VSWR at the antenna
end is close to 1.

2. Compared to the compensable range, ensuring the lowest possible insertion loss is critical in this
application. Hence, the 90° hybrid coupler-based GE-EBD is selected in this thesis, as it offers
better performance,

[56] presented a guide for designing a CMOS-compatible, lumped-element equivalent of a coupled-
line quadrature hybrid. Compared to other hybrid architectures that use RC-based circuits, this specific
circuit demonstrates a lower insertion loss and is less susceptible to component variations. The cir-
cuit illustrated in Fig. 3.10 is a lumped-element circuit that has been normalized to a characteristic
impedance, represented by Z,, and an angular frequency of w, at the operating frequency. The val-
ues of this circuit are also shown in Fig. 3.10. By using equation (3.44)(3.45), all inductance and
capacitance values can be scaled at any desired impedance and frequency. The initial values of the
inductance and capacitance are shown in Table 3.2 when the central frequency (f;) is 7.5 GHz and the
characteristic impedance Z,, is 50 Q. Due to the parasitic capacitance introduced by the transformer,
as well as the parasitic capacitance from other circuits within the duplexer, the capacitance values ob-
tained after optimization simulations are less than the calculated values, as shown in Table 3.2. The
90° Hybrid coupler layout is illustrated in Fig. 3.11, featuring tunable capacitors CG,~ CG, parallel to
the ground, while the values of CM; and CM, remain fixed.
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Zo

L = Lnormw—o (344)
_ Crorm

= Zoa (3.45)

Table 3.2: The inductance and capacitance values for the 90° hybrid coupler.

Parameter | calculated Value Design Value
L 1.5 nH
CG, 176 fF 50fF - 170 fF (Tunable)
CG, 176 fF 45fF - 130 fF (Tunable)
cM, 424 fF 293 fF
CM, 424 fF 120 fF

I I

—CG1 CG2
Signal f—m j)_-Through
CM1=1 Transformer K=0.707 CM2=1
Coupling —lo_- Isolation
CG1=0.414 J_ CG2=0.414

Figure 3.10: Inductively coupled alternative derived from coupled-line directional couplers.

The simulation results of the transformer are shown in Fig. 3.12. The inductance is close to 1.5nH,
and the magnetic coupling factor is about 0.72, which is fairly consistent with the calculated value. The
simulation results are displayed in Fig. 3.13, indicating that the insertion loss of the through port and
coupling port is the same at approximately 3.5 dB around 8 GHz. The isolation between the signal port
and isolation port exceeds 30 dB, while the phase difference between the through port and coupling
port is around 90°, less than 1°. As can be seen from Fig. 3.8, the additional insertion loss brought by
phase unbalance of less than 1 degree is very small and can be neglected. At the desired frequency,
there is an amplitude unbalance ranging from -1.2dB to 1dB, which could result in a maximum loss
of 0.5dB. When integrating the hybrid coupler with other circuits in the duplexer, parasitic capacitance
can cause the center frequency to shift towards lower frequencies. As a result, it is necessary to use
tunable capacitors CG; ~ CG, after the entire duplexer design is completed in order to maintain the
center frequency within the desired frequency range. For those seeking to design a 45° or 60° hybrid
coupler, a comprehensive design methodology is readily available through [57].

The simulation shown in Fig. 3.13 is a combination of the EM simulation of the transformer and
the post-simulation results of the RC extraction of surrounding components. However, if we examine
this layout, as shown in Fig. 3.11, we notice that the wires from C,;; to C;3 and from Cy, to C;, €Xx-
ceed a length of 200 um. This increases the parasitic capacitance and resistive losses and introduces
a significant inductance. Therefore, the parasitic inductance introduced by these wires should also
be considered to obtain accurate simulation results. As illustrated in Fig. 3.14, an EM simulation is
performed on this part of the circuit, and then the results are integrated into the rest of the circuit for
post-simulation. The final simulation results are shown in Fig. 3.15. After considering the EM simula-
tion of the long wires, it can be observed that the phase and amplitude unbalance have deteriorated
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Figure 3.11: The layout of the 90° hybrid coupler.
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Figure 3.12: The simulation results of the transformer. (a) Inductance. (b) Q factor. (c) Coupling coefficient.
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Figure 3.13: Simulated S-parameter characteristics for 90° Hybrid coupler. (a)The amplitude simulation result. (b)The phase
simulation result. (c)The phase unbalance simulation result. (d)The amplitude unbalance simulation result.

significantly. The reason has been mentioned before: the RC extraction did not take into account the
inductive effects of the transmission lines. The unbalance in phase and amplitude has increased to
15° and 2 dB, respectively, resulting in additional losses of approximately 0.07 dB and 1 dB. However,
the layout of the entire duplexer should consider the hybrid coupler and the interconnections between
other circuits. Therefore, the performance of the duplexer can be optimized after completing the entire
circuit. Moreover, setting multiple tunable capacitors in the duplexer can effectively help improve the

unbalance of phase and amplitude.
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Figure 3.15: Simulated S-parameter characteristics for 90° Hybrid coupler based on the EM simulation in Fig. 3.14. (a)The
amplitude simulation result. (b)The phase simulation result. (c)The phase unbalance simulation result. (d)The amplitude

unbalance simulation result.
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3.4. Gyrator Design

This subsection will introduce how to implement a non-reciprocal phase shifter. As described in Chap-
ter 2, three techniques exist to achieve a non-reciprocal phase shifter. Among them, the N-path filter
can implement a non-reciprocal phase shifter of +£90°, but the power consumption is very high. In this
duplexer, a preferred large load capacitance of around 1 pF is needed for broad bandwidth. With a sup-
ply voltage of 0.9V and a frequency of approximately 7.5 GHz, using the equation Power = CV?2f and
an 8-path N-path filter, the estimated power consumption is about 24 mW, without even accounting for
the circuit's power consumption generating the eight local oscillation signals. Even with a 4-path filter,
the power consumption is at least above 10 mW, which cannot meet the low power consumption re-
quirement of the transceiver. The power consumption can be reduced if a spatiotemporal conductance
modulation circuit is used to achieve a 0°/180° non-reciprocal phase shifter. In [54], it is noted that at a
comparable frequency, power consumption can be as low as 3 m\W. However, a fully differential circuit
is required to implement this circuit, meaning that two additional baluns must be designed for both the
antenna and the RX. This not only increases the chip area but also the insertion loss. Moreover, just
implementing a non-reciprocal phase shifter already requires five coils, taking up a large area of the
chip. Additionally, generating precise local oscillation signals in this frequency band is a significant
challenge and will further increase circuit complexity. To summarize, using a gyrator to implement a
non-reciprocal phase shifter is a good choice for this application. It avoids the complexity of clock gen-
eration circuits and effectively reduces the chip area. Achieving non-reciprocity can be done by using
active devices like transistors. However, this requires the implementation of low-power and low-noise
designs.

3.4.1. The Block Diagram of Transformer-based Gyrator

The block diagram of the proposed circuit is shown in Fig. 3.16. The non-reciprocity is achieved by
using a combination circuit of Gm cell and two step-up transformers. It should be noted that the tap
directions of the output of the two transformers in the figure are inverse, which realizes 0°/180° phase
shifting in the forward and reverse directions. If a signal with positive voltage is transmitted from port
1 to port 2, it induces a positive voltage at the secondary coil of T1. This voltage then goes through
Gmy, resulting in a negative current. Once the negative current passes through T2, a positive voltage is
produced at Port 2 since the primary and secondary stages of T2 are connected in reverse. Therefore,
the phase shifting from port 1 to port 2 is 0°. Likewise, It can also be concluded that there is a phase
shift of 180° from port 2 to port 1.

3.4.2. Circuit Analysis

This section will analyze the gain, S-parameters, and other important parameters of the circuit using
open-loop and closed-loop circuit methods. The impedance at the input and output ports needs to sat-
isfy 50 Q impedance matching. First, the proposed gyrator is analyzed by assuming ideal components
for easy computation. The g,,, cell and transformer are assumed to be ideal components. This means
no current enters or exits the g,, cell’s input end, and there is no loss when the current traverses the
transformer. As a result, the input impedance R;,,, as shown in Fig. 3.17 (a), can be calculated using
the following formula:

NZ
16g%4R,
In this context, R;, represents the input impedance, and R, is the load impedance at port 2, which

is 50 Q. By substituting these values into equation (3.46), it can derived the relation between g,,, and
N:

Rin = (3.46)

N
Im = m
Next, the noise voltage and noise figure are analyzed. In Fig. 3.16, the noise current output from
Gm, will dominate the noise at port 2, because the equivalent noise current output from Gm, will not
flow into Gm,, nor will it affect port 2. Therefore, the equivalent noise voltage at the output is:

(3.47)

(3.48)
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Figure 3.16: The block diagram of the proposed gyrator.

Substituting equation (3.47) into equation (3.48), the equivalent noise at the output 1, ,; can be
expressed as equation (3.49). In this equation, k is the Boltzmann constant, T represents temperature,
and the coefficient y is a constant typically assumed as 2/3. It can also be set to one for ease of
computation. R represents the load impedance of 50 Q.

- kTy
Vn, out = 2Rg 50N (3.49)
Based on the definition of the noise figure:
SNRi,
NF = ——— 3.50
SNRyyt ( )
According to the calculation in [58], the calculation of NF in this gyrator can be simplified to:
1 Vnz, out,total
NF = kTR, . 2 (3.51)

The total noise V2, ; 1otar at the output is composed of the noise generated by the gyrator and the

source Rg. substituting équation (3.49) into equation (3.51), the NF in this gyrator is:

1 4ygm
The voltage gain 4, from port 1 to port 2 is 1. Substituting into the equation, the noise figure (NF)
of the gyrator is:

Y
NF =1+ = .
+ N (3.53)
The gain calculation is a bit more complex because this circuit has a voltage-to-current feedback
loop. To make this issue easier, start by computing the voltage gain from V;,, to V;~. For the input and

output to match, their respective impedance should follow the following equations:
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Ry = R;p =500

.54
R, =50Q (3.54)
The reflected wave of the gyrator is:
Vi =9 3.55
V2+ = 0 ( ’ )

To begin, the open-loop gain must be calculated. In Fig. 3.17(b), the open-loop gain A,; can be
easily obtained:

4gmRs
N
To determine the feedback factor 8, we need to take the following steps: First, we break the loop.

Next, we set a test signal V, and follow it around the loop. Finally, we measure the value V; that returns
to the breakpoint, as shown in Fig. 3.17 (c). The B can be obtained by using equation (3.57).

AgL = (3.56)

£ =_pa,, (3.57)

(a) (b) (©

Figure 3.17: The computation of gyrator gain. (a) The S-parameter calculation with incident and reflected waves. (b) The open
loop gain computation. (c)The feedback factor f computation.

Next, calculate the feedback factor . The result of the feedback factor beta is:

1692 R?
N"; = (3.58)
Then, the closed loop gain is:
_ Ao
o= T g (3.59)

Substituting equation (3.47),(3.56),(3.58) and R, = 50 into (3.59), the close-loop gain can be
obtained:

Acp = 2 _ 1 3.60
=7 =3 (3.60)
The voltage gain (4., is calculated from V;,, to V;, but we require the gain between V;" and V5 :

43

Sy1 = _V+
1 lyf=o0

(3.61)

If the input matching condition is assumed, i.e., R = R;, = 50, then the relation between input
voltage V;,, and the incident wave V" is as following:

Rin 1

Vi=—2—V,, ==
L7 R +Rs M2

Vin (3.62)
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We can get the S-parameter S, for this circuit with the matching condition by substituting equation
(3.60) (3.62) into (3.61). The value of |S,4| is 1. Similarly, we can obtain |S;,| which is also 1. The
forward and backward phase shifting can be obtained by observing the direction of T1 and T2.

[S21] = 15121 =1=0dB
4521 = 00 (363)
281, =180°

This conclusion can be verified with ideal components by using ADS, as shown in Fig. 3.18. The
simulation results are shown in Fig. 3.19. Under matched conditions, the reflection loss is infinitesimally
small; the gain is 0 dB, and importantly, non-reciprocal phase shifting is achieved, with forward phase
shifting being 180° and reverse phase shifting being 0°.

VAR R1 R2
VAR1
gm=20
N=2
— VCCS =

SRC1
G=gm mS

Term
Term2
Num=2
Z=50 Ohm

S-PARAMETERS I

&R
S_Param
SP1
Start=4 GHz
Stop=10.0 GHz
Step=0.1 GHz

g
= vces =

SRC2
G=gm mS
= TF3

TF2

T1=1/N

T2=1/N

Figure 3.18: The simulation model of the proposed gyrator in ADS.
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Figure 3.19: The ADS simulation results of the proposed gyrator. (a) The Magnitude simulation results. (b) The phase
simulation results.

[35] has implemented a low-power, broadband gyrator working near 66 GHz by using a co-directional
and a reverse 1:1 transformer. By adjusting g,, (transconductance), the input and output impedance
can be set to 50 Q. Moreover, g,, is also related to the ratio of the transformer:

N

gm =755 (3.64)

After comparing equation (3.47) with equation (3.64), it is clear that the upgraded circuit has sig-
nificantly reduced the current demand to one-fourth of its initial requirement. This has resulted in a
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remarkable decrease in power consumption, which is now only one-sixteenth of its original value. The
noise level calculation result at the output end matches the one presented in reference [35]. Interest-
ingly, the NF of the new gyrator has improved as the required g,, has decreased.
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3.4.3. Design and Simulation

Fig. 3.20 shows the designed schematic for the gyrator, which requires a 5-bit adjustable current source
due to its sensitivity to input and output impedance. The center operating frequency of the gyrator can
be adjusted using capacitor CP, which is in parallel with the first stage coil of the step-up transformer.
Capacitor CT is used to resonate with the leaked inductance caused by the non-ideal transformer, while
capacitor CS is primarily used for AC coupling and matching. The Gm cell uses the simplest common
source stage circuit, and the operation points for M1 and M2 are chosen based on a trade-off between
noise and large signal performance. The values for capacitors, transistors, and the current source
range are listed in Table 3.3.

= —— VDD
= I CT2

i

Port2
i il [ é _—L cP2
| " [ ] |
cPi [ ] [ ]
L ® 1:N
Port1

-1~ VDD

iy
3:. N N —
= -

Figure 3.20: The schematic of the proposed gyrator.

Table 3.3: The design values for the proposed gyrator

Parameters Design value
CP, 101 fF

CP, 101 fF

CT, 2.63pF

CT, 2.63pF

CS; 802 fF

CS, 802 fF

R, 128kQ

R, 128kQ

M, 7.2um/30nm
M, 28 um/30nm
M; 28 um/30nm
Current Source (5-bit tunable) | 0 ~ 0.57mA

The step-up transformers T1 and T2 are this circuit’'s most important passive components. As equa-
tion (3.49) shows, the larger the turn ratio N, the less noise the gyrator injects into the circuit. However,
according to equation (3.64), the larger the N, the more current is required to maintain impedance
matching. Therefore, N must strike a balance between noise and power consumption. In addition, a
larger turn ratio N means a smaller coupling factor [59], and an overly large secondary coil also implies a
larger area and more parasites, all of which can degrade the performance of this duplexer. Considering
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all these factors, the step-up transformer designed in this thesis has a turn ratio of 4. The layout of the
step-up transformer and the gyrator is shown in Fig. 3.21, Fig. 3.23, respectively. The space between
conductors must be minimized to improve the magnetic coupling coefficient. Therefore, the minimum
value allowed by the process for the space between metal wires is set at 2 um. When selecting the width
of the conductor for a transformer, it’s crucial to consider its impact on self-frequency, coupling coeffi-
cient, and Q-factor altogether. If the conductor’s width is too broad, it will reduce the self-frequency of
the transformer. This is due to a broader conductor’s increased inductance and larger parasitic capaci-
tance. Furthermore, as the conductor’s width grows, the coupling coefficient decreases [59]. Therefore,
the choice of conductor width should primarily meet the requirements for self-frequency and coupling
coefficient. The width should be moderately increased, ensuring the self-frequency and coupling co-
efficient requirements are met. This is because too narrow a width will increase the resistance of the
transformer, leading to a reduced Q-factor. A 4 um width is typically chosen for optimal performance.
A dimension of 200 um has been chosen to achieve a high Q-factor at the desired frequency.

paces2iim

Figure 3.21: The layout of the step-up transformer.

As shown in Fig. 3.22, its simulation results indicate that the primary coil operates in the region with
the maximum Q value, the coupling factor is also around 0.8, and the effective turn ratio is close to 4.

The circuit’s large area, resulting from using two transformers and operating at a high frequency
with the gyrator, undoubtedly makes wiring more challenging. Wire lengths that are too long can cause
parasitic effects, losses, and reduced noise performance. Furthermore, the gyrator’s layout design also
has to consider the overall layout of the transceiver. The completed layout is shown in Fig. 3.23. Its
post-simulation is shown in Fig. 3.24. S;; and S,, are less than -15dB at the frequencies of interest,
which proves that port 1 and port 2 are well matched. The in-band insertion loss is between 1dB and
2dB, and the noise figure is approximately 3.2dB. It is worth noting that the forward phase shift is
about —45°, while the reverse phase shiftis —225°, not 0°/180°. This is because the transformer in the
gyrator is not ideal, and the LC circuit composed of the transformer’s inductance and the capacitance
in the circuit causes a phase deviation. Therefore, a fixed 45° phase shifter, as shown in Fig. 3.27, is
added to the circuit to compensate for the phase deviation.

At the desired frequency, there is a phase unbalance ranging from —2° to —3°, and a magnitude
unbalance ranging from 0.7 dB to 1.5dB, as shown in Fig. 3.24(e) and (f). As analyzed in section 3.2.2,
the phase and amplitude unbalance of the gyrator would improve the isolation of TX and RX, but at the
cost of increasing the losses of TX and RX. As shown in Fig. 3.6, the loss caused by a phase deviation
of less than 3° is negligible. Due to the unidirectional pass-through characteristic of the gyrator, the
forward loss S,; will have a greater impact on RX, and S;, will have a greater impact on TX, and the
imbalance between them will not bring additional adverse effects. As can be seen from Fig. 3.24(b),
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Figure 3.22: The simulation result of the step-up transformer. (a) The inductance of the primary and secondary coil. (b) The Q
factor of the primary and secondary coil. (c) The magnetic coupling coefficient. (d) The effective turn ratio.

Figure 3.23: The layout of the proposed gyrator.
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the loss of S, is better than the loss of S;,, so in the duplexer circuit, RXIL will be better than TXIL. A
1dB loss in the gyrator will lead to a 0.5 dB loss in the duplexer, while a 3dB loss will resultin a 1.4dB
loss, as shown in Fig. 3.7 (b).
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Figure 3.24: The post-simulation result of the proposed gyrator. (a) The magnitude of S;; and S,,. (b) The magnitude of S,
and S;,. (¢) The phase of S,; and S;,. (d) The noise figure & The minimal noise figure. (e) The phase unbalance between S,
and S;,. (f) The magnitude unbalance between S,, and S;,.

During layout, asymmetrical routing can lead to inconsistencies in the magnitude of the forward and
reverse directions. However, this would not lead to such a large magnitude imbalance of 0.5dB to 2dB,
as shown in Fig. 3.24(f). The real reason is the difference in magnitude responses due to different
connections of the primary and secondary coils of the transformer. For the same planar transformer (or
Frlan transformer), a transformer with an inverting connection will have a superior frequency response
in the designed working frequency compared to a transformer with a non-inverting connection. This
variation is mainly caused by interwinding capacitance, which results in a zero in the response of the
non-inverting transformer [59]. As shown in Fig. 3.25, the two transformers in the gyrator are connected
differently. For transformer T;, since a phase shift of 0° is needed, the primary and secondary of the
transformer are connected in a non-inverting way. As for T,, a 180° phase shift is needed, so it is
connected in an inverting way. For these two different connections, a testbench is set up according to
Fig. 3.25 to simulate the frequency response of these two connections separately and then calculate
their amplitude difference. The obtained amplitude difference curve is compared with the magnitude
unbalance in Fig. 3.24(f). First, inverting and non-inverting transformers’ magnitude response (or
transmission coefficient) are simulated. The results are shown in Fig. 3.26(a). As previously noted, the
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inverting-connection transformer exhibits superior performance. As shown in Fig. 3.26(b), the red curve
displays the magnitude of unbalance in the gyrator’s forward and backward directions, while the blue
curve shows the gap between the inverting and non-inverting connections of the step-up transformer.
The two curves match perfectly, proving the accuracy of the analysis.
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Figure 3.25: Two different connections of the transformer.
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Figure 3.26: The magnitude response and comparison of unbalance. (a) The magnitude response of inverting and
non-inverting transformers. (b) The comparison between the unbalance of the gyrator and the difference of
inverting/non-inverting transformers.

3.5. Fixed Phase Shifter Design

An additional adjustment is required to achieve the desired 0°/180° phase shift, as the gyrator only
provides a —45°/—225° phase shift. The schematic and layout of the fixed phase shifter can be seen in
Fig. 3.27, with the capacitor and inductor values provided in Table 3.4. Simulation results are displayed
in Figure 3.28. The fixed phase shifting increases the insertion loss of GE-EBD, similar to the impact
of the gyrator. In fact, a 1-dB loss will increase by about 0.5dB loss at RX and TX, respectively. The
phase shift is not exactly 45° due to the parasitic capacitance changing the phase shift in the duplexer
circuit. The intended phase shift is determined through the optimization of GE-EBD’s performance.

3.6. Hybrid Transformer Design

[59] provides a detailed explanation of the design principles of transformers based on CMOS tech-
nology and outlines a procedure for estimating the size of a monolithic transformer to meet a specific
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Figure 3.27: The design of the fixed phase shifter. (a) The schematic design (b) The layout design.

Table 3.4: Design values for the fixed phase shifter

Parameters | Design value
Cps1 761 fF
Cps1 761 fF
Lys 950 pH
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Figure 3.28: The simulation results of the fixed phase shifting. (a) S,; (Insertion Loss). (b) Phase shift. (c) S;; (Return Loss).
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specification. In [41, 42], the hybrid transformer circuit used in EBD circuits is analyzed in detail. Its
simplified model is shown in Fig. 2.4. To achieve circuit matching, bi-conjugacy must be satisfied be-
tween TX and RX and between ANT and BAL as expressed in equation (2.1). In this project, r = 1, the

ratio % ~ 1. Therefore, to ensure matching and bi-conjugacy, the impedance requirements should be
as follows:

RD = RB = SOQ
R, = 250 (3.65)
R = 1000

Since the PA and LNA impedances are not always 100 Q and 25 Q, respectively, it is necessary
to add a matching network between them and the hybrid transformer. The hybrid transformer can be
modeled as a lumped circuit, as shown in Fig. 3.29. Those components’ values are shown in Table
3.5. In the analysis in [60], equation (3.66) was obtained. This equation yields the optimum value
of Loptprim, resulting in the minimum sum of TXIL and RXIL. The magnetic coupling coefficient, k, is
approximately 0.75, while the antenna resistance, R, is approximately 50Q. Both Q1 and Q2 have a
value of around 15. By substituting these values into equation (3.66), the calculated value of Ly, ,rim
is 1.9 nH. Simulating the total parameters in Fig. 3.29 can establish a relationship between Ly,.;,, and
total insertion loss, leading to a similar conclusion as depicted in Fig. 3.30. In this way, the value of
Lyrim is Obtained. Based on the empirical formula provided in [61], the planar transformer’s outer and
inner conductor lengths (OD and ID) can be estimated. Finally, the layout of the hybrid transformer is
obtained, as shown in Fig. 3.31. The space between conductors is minimized to obtain the optimal
magnetic coupling coefficient. For optimal efficiency, the transformer should be operated in the area
with the highest Q value to reduce loss. The simulation results, as shown in Fig. 3.32, indicate that in
the operating frequency range, the Q factor is greater than 14, and the coupling coefficient is greater
than 0.85. The inductance value is around 2 nH, and the effective turn ratio is close to 1.

R
Loptprim ~2— Ql (366)
' wo | 2.2k20Q,

P+O O S+

Pecen R1 % § R2 Scen

P-

Figure 3.29: The lumped circuit model of the hybrid transformer.
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The Inductance of Primary Coil vs. Insertion Loss
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Figure 3.30: The relation between the insertion loss of the lumped model hybrid transformer and the primary inductance.

Figure 3.31: The layout of the hybrid transformer.
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Table 3.5: The values of the lumped parameters

Parameters Values Descriptions
Ly Lyrim/?2 L,rim: The inductance of the secondary coil
L, Lprim/2
Ls Leoc/2 Lsec: The inductance of the secondary coil
Ly Lsec/2 For simplicity, assume that L,,.;,,/2 is approximately equal to L.
Ci Cyk Cy: The parasitic capacitance between primary and secondary coils
C, Cy -k C,, is around 10fF
R4 Q2T fres * Lprim fres: The self-resonant frequency (> 10 GHz)
R, Q-2 fres Lsec
k =~ 0.75 k: Magnetic coupling coefficient
Lprim and Lsec vs. Frequency Qprim and Qsec vs. Frequency

N
©

==Primary
==Secondary

==Primary
==Secondary

Inductance (nH)
N N N
[T SO -

o
o

5 6 7 8 9 10 4 5 6 7 8 9 10
Frequency (GHz) Frequency (GHz)
(a) (b)

Magnetic Coupling Coefficient vs. Frequency Effective Turn Ratio vs. Frequency

I=3
&

=K
-N
effective

Effective Turn Ratio

Magnetic Coupling Coefficient
4
©
&

0.85 0.9
4 5 6 7 8 9 10 4 5 6 7 8 9 10

Frequency (GHz) Frequency (GHz)

(© (d)

Figure 3.32: The simulation results of the hybrid transformer. (a) Inductance. (b) Q factor. (c) Magnetic coupling coefficient. (d)
Effective Turn Ratio.

3.7. GE-EBD Layout and Simulation

Ultimately, the schematic of the GE-EBD is obtained, as shown in Fig. 3.33. GE-EBD includes a
hybrid transformer, a hybrid coupler, a fixed phase shifter, a 2-bit balance network, and a gyrator, as
shown in Fig. 3.33. The matching network on the figure’s left adjusts the antenna’s impedance. It
can be challenging to achieve a 50 Q impedance at the antenna due to the parasitic inductance and
capacitance caused by the bond wire and pad. Adding an adjustable matching network between the
antenna and the duplexer allows the impedance seen from the duplexer output to be 50 Q. The balance
network can operate in three different states: 50, 200, or an open circuit. The gyrator relies on a
5-bit adjustable current source to power the active portion of the circuit. As mentioned earlier, the
parasitic capacitance of the transformer in the gyrator will affect the phase of S,; and S;,. In order to fix
any phase deviation, a CLC circuit is placed between the hybrid coupler and hybrid transformer circuit
as a fixed phase shifter. The duplexer’s capacitors connected in parallel with the ground are equipped
with 4-bit adjustable capacitors that can adjust for PVT variations. To achieve optimal performance,
this project utilizes a 90° hybrid coupler. The purpose of Cz; and Cg, is to be parallel with the first and
second-stage coils of the hybrid transformer. This allows it to resonate at the central working frequency
and suppress any out-of-band interference signals. The completed design layout can be seen in Fig.
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3.35. The circuit measures approximately 0.32 mm?.

Matching Network

Fixed phase shifter

Antenna

Balance i
Network

Table 3.6: Values of capacitors and inductors in GE-EBD.

-||—|=|—CR1___ g-ll- ="
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Gyrator

Figure 3.33: The schematic of GE-EBD.

Parameters | Values
Cr1 188 fF
Cr2 188 fF
Cuni 45fF ~ 160fF | Tunable
Cun2 45fF ~ 160fF | Tunable
Lyn 500 pH

Hybrid
Transformer

Additionally, according to Fig. 2.4 and equation (2.1), to achieve electrical balance duplexing,
the four ports of the hybrid transformer need to satisfy the bi-conjugacy condition, which means the
impedance seen from the RX and TX ports should be 25 Q and 100 Q, respectively. The performance
of the GE-EBD will inevitably deteriorate when there is a deviation in impedance. The changes in iso-
lation, insertion loss, and NF are depicted in Fig. 3.34 as the impedance of RX (Rzy) increases from
5Q to 85 Q, while the impedance of TX (Rrx) varies from 40 Q to 140 Q. The isolation will not change
significantly in this range and can still meet the design requirements. The change in Ry will not affect
NF because Ryx as a load does not affect the calculation of the noise figure, but the change in Ry will
affect NF. As Ry decreases, NF will increase, but the increase is insignificant, less than 0.1dB. The
change in Rpx will affect RXIL and the optimal RXIL will be achieved around 25 Q, but it will not signifi-
cantly impact TXIL. Similarly, the change in Ry will affect TXIL and the optimal TXIL will be achieved
between 80 Q and 100 Q, but it will not significantly impact RXIL. The ideal TXIL is not attained with R;,
at approximately 100 Q since the effective turn ratio is not precisely 1, but rather 1.05, resulting in this
deviation. However, the variation is less than 0.1 dB. Overall, it is crucial to maintain the recommended
impedance levels to ensure optimal GE-EBD performance.

To perform a more accurate post-simulation on the completed GE-EBD layout design, the GE-EBD
layout is divided into two parts, as shown in Fig. 3.36. One part consists of larger and closer coils, for
which an electromagnetic simulation is performed using Momentum to obtain S-parameters. The other
part includes wiring, capacitors, active devices, and inductors from PDK. RC extraction is performed
on this part of the circuit. Finally, the obtained data is loaded into the configuration for post-simulation.

The post-simulation results for the duplexer are shown in Table 3.7. The post-simulation results
for the duplexer are presented in Table 3.7. As can be seen from this table, the proposed duplexer
meets the performance requirements listed in Table 1.2. Compared to previous literature, the proposed
duplexer achieves a wider operational bandwidth, from 6 to 8 GHz. It can attain isolation greater than
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Figure 3.34: The influence of RX and TX impedance variations on the performance of GE-EBD. (a) Isolation for different RX
impedances. (b) Isolation for different TX impedances. (c) Noise figure for different RX impedances. (d) Noise figure for
different TX impedances. (e) RXIL for different RX impedances. (f) RXIL for different TX impedances. (g) TXIL for different RX

impedances. (f) TXIL for different TX impedances.
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Figure 3.35: The layout of GE-EBD.
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EM simulation

RC Extraction

Figure 3.36: The post-simulation method of GE-EBD.
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20 dB under conditions of 40% relative bandwidth and achieve more than 30 dB isolation under 30%
relative bandwidth conditions. Moreover, the entire duplexer occupies only 0.32mm? of chip area,
outperforming other publications. Its power consumption, at 4.4 mW, is superior to the non-magnetic
circulator using N path filter technology. Simultaneously, the proposed duplexer also achieves decent
insertion losses, with an RXIL of 2.2dB and a TXIL of 3.6 dB.
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Figure 3.37: Small signal post-simulation results of GE-EBD. (a) The isolation. (b) The TX insertion loss. (c) The RX insertion
loss. (d) The noise figure.

In Fig. 3.38, the simulation results for the GE-EBD’s large signal are presented. It is observed that
the isolation bandwidth reduces from over 2 GHz(> 30dB) to 1 GHz(> 30 dB) when the input power
of TX (P;,) is 8dBm, which also happens to be the maximum output power of the UWB transceiver.
When transmitting, the PA sends the signal to the antenna. The 1 dB compression point for the input
signal (P_14p ix) is 11.8 dBm, the input-referred second-order intercept point (/P2) is 18.0dBm, and the
third-order intercept point (11P3) is 9.0dBm. When receiving, the antenna sends the signal to the LNA.
The 1dB compression point for the input signal (P_14p ;) is 3.6 dBm, the input-referred /P2 is 13.5dBm,
and IIP3 is 6.2dBm.
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Figure 3.38: The large signal simulation of GE-EBD
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Table 3.7: The Performance of the Proposed Duplexer
ISSCCI5 [62] ISSCCI6 [28] ISSCCI7 [51] ISSCCI8 [50] RFICI8 [47] JSSC2020 This work
[54]
Architecture EBD N-path filter ~ Spatio- N-path filter ~ Spatio- Spatio- Gyrator
circulator Temporal hybrid coupler  temporal temporal enhanced
Modulation modulation modulation duplexer
Technology 180nm SOl  65nm CMOS 45nm CMOS 65nm CMOS 180nm SOl  40nm CMOS 28nm CMOS
CMOS CMOS
Frequency(GHz) 1.9-2.2 0.61-0.975 25 0.55-0.9 0.86-1.08 5.6-7.4 6-8
TX loss(dB) 3.7 1.7 3.3 3.1 21 22 3.6
RX loss(dB) 3.9 1.7 3.2 N/R 2.9 2.2 22
BW & lIsola-  15%(> 1.9%(> 18%(> 26%(> 17%(> 28%(> 40%(>
tion 40dB) 25dB)0.33%(> 18.5dB) 30dB)4.4%(> 25dB)3.1%(> 18dB) 20dB)30%(>
40dB) 40dB) 40dB) 30dB)
ANT-RX 3.9 4.3 3.3-44 27 3.1 24-34 34
NF(dB)
TX-ANT 70 275 20.1 25 50.0 18.7 9.0
1IP3(dBm)
ANT-RX 72 8.7 19.9 N/R 36.9 N/R 6.2
IIP3(dBm)
Power(mW) 0 59 78.4 24 170 25 4.4
Chip 1.74 25(with  off-  2.16 1mm? IC 165 0.45 0.32
Area(mm?) chip  induc- +  30.6mm?
tors) commercial

coupler







System-level Design

After presenting the design of GE-EBD, this section briefly introduces other parts of the system such
as the DSIC, receiver, transmitter, and transceiver, which have already been designed and verified.
To make this project more comprehensive and practical, mature circuits from previous projects were
adopted and combined with the full-duplex device designed in this thesis. The entire chip accomplishes
the functionality of transmitting UWB pulse signals, amplifying received signals, and down-converting
them to the baseband. Upon completing the design of the entire GE-EBD, the next task is to integrate
the GE-EBD into the UWB transceiver. This requires considering the maturity and verification of the
transmitter, receiver, and DSIC circuits, as well as the crucial impact of RX and TX impedance on the
performance of GE-EBD. To facilitate the testing of the duplexer, a dedicated antenna switch has been
designed and integrated into the transceiver. These issues will be discussed in detail in this chapter.

4.1. Impedance Matching

Based on previous calculations and simulations, the ideal impedance for optimal performance of the
GE-EBD is 25 Q as seen from RX. The block diagram for the IR-UWB receiver is illustrated in Fig. 4.1
(a). To match the impedance requirements of the GE-EBD, the impedance seen from the LNA needs
to be matched. By incorporating the matching network depicted in Fig. 4.1 (b), the input impedance
Z;n is matched to 25 ohms.

+0.2 +5

o 430

AA 00 2 . « w 84
W 7500 2

AMA
vy

i
(a) (b)

Figure 4.1: The block diagram of the IR-UWB Receiver and impedance matching. (a) IR-UWB Receiver. (b) Impedance
matching can be achieved using the Smith chart.

Due to the impedance at the output of the Power Amplifier (PA) being related to the load connected
to the output, it is not advisable to use small-signal methods to simulate and match the impedance at
the PA output. In this thesis, after connecting the transmitter (TX) with GE-EBD, as shown in Fig. 4.2.

61



62 4. System-level Design

The large-signal simulation result is shown as Fig. 4.3. The output power of the Power Amplifier (PA)
is set to the maximum. In the range of 6 GHz to 9 GHz, the output power of the PA varies between
3.5dBm and 2dBm. The PA’s output signal is differential, and when calculating power, the resistance
is calculated as 100 Q, so the maximum power value calculated from this figure is only 3.5dBm. The
power at the antenna output end varies between 0.4dBm and -0.5dBm. Fig. 4.3 (b) is the spectrum
diagram when the input signal is 7.5 GHz. it can be seen that the output signal at the antenna port
is -0.1dBm at 7.5 GHz, the highest harmonic is the second harmonic signal, at 15 GHz, the power is
-20.6 dBm. The TX transmission signal is normal, and the fluctuation in the frequency range of interest
is less than 1 dB.
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Figure 4.2: The block diagram GE-EBD and transmitter.
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Figure 4.3: The simulation result of TX part. (a) The output power of TX and Antenna from 6 GHz to 9 GHz. (b) The spectrum
when the fundamental frequency of the transmitted signal is 7.5 GHz.

4.2. Antenna Switch

To independently test the performance of GE-EBD, a pair of antenna switches has been added at the
TX port of GE-EBD, allowing for the external input of signals via EX_PORT. When the antenna switch
is connected to EX_PORT, there is more than 45 dB of isolation from the PA port of the transceiver.
By adjusting the signal source connected to EX_PORT, the performance of GE-EBD under different
conditions can be tested.

In [63], a detailed analysis is provided on the design of a CMOS T/R switch, specifically for appli-
cations in ultra-wideband (UWB) and over 10-GHz operations. The switch functionality for the TX and
RX paths is performed by the series transistors M1 and M2. In addition, shunt transistors M3 and M4
ground out undesired signals during their respective modes.
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Gate bias resistors are implemented to decrease the coupling between gate-drain and gate-source
and enhance the DC-bias isolation. With the use of deep N-well technology, the device body is con-
nected to the ground through a 5 kQ resistor. The role of bulk resistors is somewhat complicated.
[64] utilizes body-floating technology to enhance the power handling capacity of antenna switches and
elaborates on its specifics.

When considering conditions of a large signal, the series transistor is in the 'on’ state while the
shunt transistor is ’off.” The schematic of the series resistor along with its equivalent-circuit model, can
be seen in Fig. 4.4. Given the high resistance connected to the ground (R;) relative to R,,,, the input
impedance of the transistor essentially stays equal to R,,,. This attribute aids in enhancing performance
under large signal conditions.

R1
Drain Source R1 R1
M1 Rd Cj
R3 . .
Drain 0—— Source Drain ——oOSource
Veconl Rori Ron
(b) (c)

Figure 4.4: The schematic and model of the series transistor. (a) Schematic with the body-floating resistor. (b) The equivalent
model. (c) The equivalent model in the "on” state.

For shunt transistors, if the body-floating technique is not employed, the high input power can acti-
vate the diode connecting the body and drain, leading to a rapid surge in current from the ground to the
drain. This increased current can modify the transistor’s input impedance so that the input impedance
varies with the input signal, which can cause the harmonic components to rise. This will eventually re-
duce the power performance. Fig. 4.5 illustrates the equivalent-circuit model for an off-state transistor
implementing the body-floating technique. When the input power is elevated, the diode between the
drain and the body can still be activated. However, due to the considerable resistance between the
body and the ground, the current increase from ground to drain is more gradual.

Drain

Drain

RS Roff

1
M3
R5 R6
| |—W—0Vcon3 Coff
Source Source

(a) (b) (c)

Figure 4.5: The schematic and model of the shunt transistor. (a) Schematic with the body-floating resistor. (b) The equivalent
model. (c) The equivalent model in the "off” state.

The antenna switch’s components are listed in Table 4.1, and the simulation results are displayed
in Fig. 4.7. Within the operating frequency band, when the switch is turned on, the insertion loss from
the “on” port to the common port (COM) is between 0.6 and 0.85dB, while the isolation from the “on”
port to the "off” port is greater than 40 dB. The antenna switch has a 1 dB compression point of 9.3 dBm
(P-14B,in=9.3dBm) and an IIP3 of 22 dBm, meeting system requirements.
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Figure 4.6: The design of the antenna switch. (a) Schematic. (b) Layout.
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Figure 4.7: The simulation results of the antenna switch. (a) Insertion loss under small-signal conditions. (b) Isolation from "on”
port to "off” port (c) The 1dB power gain compression. (d) The third-order intercept point
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Table 4.1: Values of components in the antenna switch.

Parameters | Values

Ry 40 kQ

R, 40 kQ

R3 5kQ

R, 5kQ

Rs 40 kQ

Rg 5kQ

R, 40kQ

Rg 5kQ

M; 72um/30nm
M, 72um/30nm
178 90um/30nm
M, 90um/30nm

4.3. Transceiver Design

The thesis incorporates a transmitter architecture that uses hybrid modulation from [8]. Furthermore,
it also includes the implementation of the UWB receiver design from [65]. The achievement of Full-
Duplex (FD) and RadCom requires the implementation of robust and efficient self-interference can-
cellation. This is accomplished through the use of GE-EBD at the antenna interface and the Digital
Self-Interference Cancellation (DSIC) module at the analog domain. This DSIC is an improvement
on the all-digital spillover cancellation method initially introduced in Sander Heijmans’ master’s the-
sis project [66], and further refined in Jiang Liu’s master’s thesis project [65]. In addition to this, an
antenna switch has been added to the TX port of GE-EBD for standalone measurement. When the an-
tenna switch is connected to the EX_PORT, it can directly connect to the external testing instruments.
Moreover, a matching circuit has been added between GE-EBD and the LNA, which has improved the
match between the duplexer and the RX and reduced the loss caused by reflection. The block diagram
is shown in the following Fig. 4.8.
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I

1
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I

MUX .

O O | |
EX_PORT Antenna Switch \ . \ . /
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-
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Figure 4.8: The proposed IR-UWB transceiver block diagram.

The layout of the comprehensive IR-UWB transceiver is executed and depicted in Fig. 4.9. GE-
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EBD, situated adjacent to the RX and TX sections, is predominantly occupying a substantial part of
the chip’s right side. The DSIC circuit is located between the RX and TX sections. The digital circuit
section, responsible for controlling other circuits, is positioned on the left side of the chip. The entire chip
measures a compact 1.44mmx1.44mm. Further steps toward system-level implementation encompass
the design of the pad ring, floor planning, and dummy filling. A succinct introduction to these processes
can be found in the appendix of this thesis.

Figure 4.9: Layout implementation of the proposed IR-UWB transceiver.



Conclusion

5.1. Master Thesis Conclusion

This thesis presents a comprehensive exploration of the design, simulation, and potential implemen-
tation of a full duplexer and an IR-UWB transceiver, contributing to the ongoing advancements in the
field of IR-UWB, particularly in RF and analog circuit design.

The proposed full duplexer, gyrator-enhanced electrical balanced duplexer (GE-EBD), as detailed
in Chapter 3, is a significant focus of this thesis. The layout of the proposed duplexer, as well as the
simulation model of the proposed gyrator with ideal components, are meticulously outlined. The ADS
simulation results of the proposed gyrator further substantiate the theoretical feasibility of the design.

The small signal and large signal post-simulation results of GE-EBD, including the isolation, the TX
insertion loss, the RX insertion loss, and the noise figure, P_,45, IIP3, provide valuable insights into
the performance of the proposed full duplexer. These results indicate the promising potential for the
real-world application of the full duplexer.

Furthermore, the post-simulation results demonstrate that this circuit design, which uses a smaller
chip area of 0.32 mm? compared to other non-magnetic circulator circuit structures, achieves an RXIL
of 2.2dB, a TXIL of 3.6dB, and over 30 dB of isolation within a frequency range of 6 to 8 GHz. This
circuit has lower insertion loss than traditional EBD and, like EBD, can match antenna-end impedance
mismatches.

In Chapter 4, The thesis explores the design of the system at a high level, with a focus on how the
GE-EBD matches with the RX/TX, and the proposed IR-UWB transceiver. The layout implementation
of the proposed IR-UWB transceiver is presented, providing a clear visual representation of the design.
This chapter underscores the importance of system-level design in the successful implementation of
IR-UWB systems.

In light of the detailed simulations and designs presented in this thesis, both the proposed full du-
plexer and the IR-UWB transceiver represent significant advancements in the field of RadCom. How-
ever, it is important to note that the transition from simulation to real-world application is a complex
process that may present unforeseen challenges. Future work should therefore focus on testing these
proposed designs under real-world conditions to assess their performance and identify potential areas
for improvement.
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5.2. Future Work

Testing of the GE-EBD and the entire IR-UWB transceiver needs to be conducted to verify the simulation
results of the circuit. Due to the use of many coils in the circuit, the wiring of the circuit is long and
difficult to optimize for the parasitics brought about by the length of the lines. There is still room for
further optimization in this area to achieve better performance.

Additionally, in this thesis, a 90° hybrid coupler is used. As mentioned in the paper, if a 45°— or 60°—
hybrid coupler is used, it can compensate for antenna impedance mismatch under larger antenna-end
mismatch conditions. The next step would be to design and verify these two schemes.

Furthermore, this thesis uses a transformer-based gyrator rather than the popular approach of us-
ing LPTV circuits to achieve nonreciprocal phase shifting. Although the circuit used in this thesis is
simpler and has certain advantages in terms of area and power consumption compared to LPTV cir-
cuits, its performance under large signal conditions is not as good as that of LPTV circuits. Future work
could involve designing a gyrator circuit with superior performance and metrics to enhance the overall
performance of the duplexer.
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Number |Pin Name Type |Direction :Description
1|VSS_PA VDC |Input VSS for antenna switch
2EXT TX P VAC |Input external RF signal
3/VSS_PA VDC |Input VSS for antenna switch
4| EXT_TX_N VAC |Input external RF signal
|PRCUT 5|VSS_PA VDC |Input VSS for PA
6/VDD_PA VDC |Input VDD for PA
|PRCUT 7|VSsS VDC |Input Common VSS
8/ VDD_HS VDC |Input VDD for High-Speed Baseband
|PRCUT 9|VSss VDC |Input Common VSS
10|VDD_DCO VDC |Input VDD for DCO
|PRCUT 11|VSssS VDC |Input Common VSS
12|VDD_DIG VDC |Input VDD for digital
|PRCUT 13 VDDIP8 VDC |Input 1.8V VDD for output buffer
14/ VSSIP8 VDC |Input VSS for output buffer
15 RX_ OUT_QP VAC |Output |RX baseband output
16 RX_ OUT QN VAC |Output 'RX baseband output
17\RX_OUT_IN VAC |Output |RX baseband output
18 RX_OUT IP VAC |Output RX baseband output
19|1 VCMOUT VDC |Input VCMOUT
|PRCUT 20|Vss VDC |Input Common VSS
21 \vDD BB VDC |Input VDD for analog baseband
|PRCUT 22\Vss VDC |Input Common VSS
23|VDD_RX _RF VDC |Input VDD for RX_RF
24\Vss VDC |Input Common VSS
25/Vss VDC |Input Common VSS
PRCUT 26|VSS VDC |Input Common VSS
27|\RF_IN_OUT VAC |Output |RF output
28|Vss VDC |Input Common VSS
2% vDD DurP VDC |Input VDD for duplexer
30/Vss VDC |Input Common VSS
PRCUT 31|LVDS CK P VAC |Input LVDS clock (500 MHz)
32|LVDS CK N VAC |Input LVDS clock (500 MHz)
33|EXT_CK VAC |Input External clock (500 MHz)
34|LVDS_IN_P<3> VAC |Input LVDS data input (250 Mbps)
35|LVDS_IN_N<3> VAC |Input LVDS data input (250 Mbps)
36|LVDS IN P<2> VAC |Input LVDS data input (250 Mbps)
37|LVDS_IN_N=<2> VAC |Input LVDS data input (250 Mbps)
38|LVDS_IN _P<I> VAC |Input LVDS data input (250 Mbps)
39|LVDS_IN_N<|> VAC |Input LVDS data input (250 Mbps)
40|LVDS_IN_P<0> VAC |Input LVDS data input (250 Mbps)
4| |LVDS IN_N<0=> VAC |Input LVDS data input (250 Mbps)
42|VSS 10 VDC |Input VSS for 1O
43\vDD_IO VDC |Input VDD for 1O
44/RSTN VDC |Input SPI
45/ CSN VAC |Input SPI
46| MOSI VAC |Input SPI
47|MISO VAC |Input SPI
48|SCK VDC |Input SPI

Figure 2: Pin List.
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B. Layout and Dummy Filling

Figure 3: Chip Layout without dummy filling.
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Figure 4: Chip Layout with dummy filling.
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