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ABSTRACT

In-band full-duplex RF front-end

for next-generation Wireless Communication

Junhyung Jeong
Division of Electronics and Information Engineering

Jeonbuk National University

This dissertation presents novel in-band full-duplex (IBFD) RF front-end
structures for the broadband 60 dB isolation characteristics between
transmitter and receiver with the mathematical analysis of the self-interference
cancellation (SIC) technique.

IBFD wireless communication system is a technology that can increase the
data transmission efficiency of the wireless communication system compared
to the conventional TDD (time-division duplex) and FDD (frequency-division
duplex) system. However, since the transmission and reception are performed
in the same frequency band and time, self-interference cancellation techniques
are required to separate them. The classified requirements of the SIC
technique are presented according to the transceiver, harmonics and noise.

Mathematical analysis shows the characteristics of the SIC technique
according to the signal conditions. SIC technique is the cancellation of two

signals each other. Therefore, the SIC analysis according to the magnitude,

1



phase difference, group delay offset, and frequency of the two signals are
presented. In this analysis, the magnitude, phase difference, and group delay
error range of two signals are obtained for 60 dB wideband transmitter (Tx) /
receiver (Rx) isolation.

Based on the mathematical analysis, a broadband IBFD RF front-end using
a circulator is proposed. Circulators of magnetic devices have the
disadvantage of degrading the performances at high frequencies, but it can
easily achieve 60 dB Tx / Rx isolation characteristics using the SIC technique.
Therefore, it proposed a new structure used two circulators to improve the 60
dB isolation bandwidth. Simulation and measurement results using the
proposed structure and antenna with high reflection characteristics are
presented.

In addition, the magnetic-free IBFD RF front-end is also proposed. This
architecture used a balanced power splitter with a 180 ° phase difference, and
the physically balanced structure to realize the broadband isolation
characteristics of the IBFD RF front-end. Radiation patterns according to the
arrangement of the four dipole antennas and Tx / Rx isolation characteristics
of the IBFD RF front-end according to the distance among the antennas are

presented.

Keywords : Balanced structure, balancing power splitter, circulator, in-band
full-duplex, magnetic-free, self-interference cancellation
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CHAPTER 1
DISSERTATION OVERVIEW

1.1 Introduction

As high-quality multimedia services develop today, wireless networks are
also rapidly evolving to provide these services. Early wireless networks simply
required data transmission for voice wireless calls and text, but today
applications such as 4K video streaming and real-time high-quality video calls
are also provided by wireless communication system. Therefore, the wireless
communication system requires high capacity, high-speed data transmission to
cover high-quality multimedia service demand. However, in order to increase
the number of users and more stably service multimedia applications, a
communication technology having a higher data transmission rate than a
conventional wireless communication network is required. The multiple input
multiple output (MIMO) technology is one technology that can increase the
data rate used in 4G (4th generation) and current 5G (5th generation)
communication systems. Especially in 5G, massive MIMO technology is one of
the main technologies to enhance the data rate through beam forming

technology.



Another simple way to increase the data rate is increasing the service
frequency bandwidth. However, over time, service providers and applications
are increased, and each application is assigned a frequency band. Therefore,
there is a need for a technology for increasing data rate within a limited
bandwidth because it is not possible to allocate much wider bandwidth for one
application. Conventional time-division duplex (TDD) and frequency-division
duplex (FDD) schemes transmit and receive separately in time and frequency
bands. However, In-band full-duplex technology removes the division of
transmission and reception in this time and frequency band and simultaneously
transmit and receive. Compared with the conventional FDD, the in-band full-
duplex (IBFD) has a double frequency spectrum efficiency, because it
simultaneously transmits and receives signals on the same frequency. However,
as transmitter and receiver use the same frequency, some portion of strong
transmitting signals is leaked to the receiver and serves as a self-interference.
Although only a very small portion of transmitting signals is leaked into the
receiver, these signals can seriously interfere on receiving signals due to the
relatively strong transmitting signal power. Therefore, the full-duplex

transceiver should eliminate this self-interference throughout the RF, baseband



and digital stages. In this paper, it analyzes and proposes a circuit for removing

a self-interference at RF front-end.

1.2 Literature Review

After the practical results of the in-band full-duplex (IBFD) system™2 were
reported, various approaches to realize IBFD systems have been explored for
wireless communication systems. Various techniques have been studied and
presented to eliminate self-interference in RF, analog and digital stagestI7],
Some of work tried to realize a higher data rate by combining MIMO and IBFD
technology™s!- 48l However, these studies are not suitable for practical wireless
IBFD systems because of narrowband operating frequency and self-
interference cancellation.

The required isolation between the transmitter (Tx) and receiver (Rx) for the
proper operation of the IBFD system has been studied and reported in [1]. The
isolation characteristic depends on the Tx output power and Tx noise floor, but
a minimum of 110 dB isolation is generally required in the overall IBFD
system. Particularly in the RF stage, isolation of 60 dB or more should be
achieved to protect Rx circuits and ensure the normal operations of the low

noise amplifier (LNA), mixer and analog-digital converter.
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The self-interference cancellation (SIC) technique is mainly used in order to
obtain at least 60 dB isolation between Tx and Rx in the RF stage. The SIC
techniques can be classified into an antenna SIC and the RF front-end SIC.
When SIC is applied to an antenna, high isolation characteristics can be easily
obtained by using the proper physical structures of the antennal®l2. |n
general, the Tx input feeding stage of the antenna is controlled, and the
electromagnetic properties of the antenna are designed to cancel out Tx leakage
at Rx. Another method is to arrange each Tx and Rx antennas to achieve high
isolation characteristics according to the spatial electromagnetic characteristics.
However, the antenna SIC needs to use a specific antenna structure and it is not
suitable for an array antennas system. Moreover, more than 60 dB isolation can
be obtained over the narrow frequency band.

Also, RF front-end SIC has narrowband 60 dB isolation characteristics, but it
can use various kinds of antennas on the RF front-end SIC technique.
Additionally, it is less susceptible to environmental influences. In the case of a
SIC circuit using magnetic devices such as a circulator, it is easy to realize the
Tx and Rx isolation with a single antenna structurel®], However, by using a
magnetic circulator alone, 60 dB isolation characteristics cannot be obtained,

and other supplementary signal cancellation techniques must be additionally



used. Moreover, as the operating frequency increases, the Tx and Rx isolation
characteristic is degraded due to the characteristic of magnetic devices and
becomes difficult to integrate with other circuits. Without magnetic devices,
realizing 60 dB isolation over a wide bandwidth is difficult. [53]-[55] show the
RF front-end SIC circuits without magnetic devices. These structures replaced
the magnetic device with the 3 dB hybrid coupler, balun and transformer.
However, these structures degrade half of Tx output power because half of the
Tx output power split by the hybrid coupler, balun and transformer is used for
the Tx leakage signal cancellation in the Rx. In [57], a physical balanced
structure was used to enhance the isolation bandwidth. However, the 60 dB
isolation characteristic bandwidth was only 60 MHz, and it had the

aforementioned drawbacks due to the use of a magnetic circulator.

TABLEI

ADVANTAGES AND DISADVANTAGES OF SIC TECHNIQUES

Advantages Disadvantages

- Antenna usage limitation
Antenna SIC - Simple structure - Narrow band isolation BW
- Sensitive

- Complicate structure
- Free Antenna Usage

RF front-end SIC . - Narrow band isolation BW
- Less sensitive .
- Insertion loss




1.3 Dissertation Overview

The main purposes of this dissertation are the mathematical analysis of the
signal condition for obtaining 60 dB isolation and the implementation of new
IBFD RF front-end with broadband 60 dB isolation. The SIC technique is used
to implement broadband IBFD RF front-end structure. Therefore, analysis of
the cancellation characteristics according to the relationship between the
leakage signal and cancellation signal is presented. Moreover, new structures to
obtain the broadband 60 dB SIC characteristics are proposed.

The dissertation is organized as follows.

Chapter 2 describes the operation principle of the IBFD system and
requirements. This chapter explained about IBFD system and compared the
transmission and reception method among conventional TDD and FDD
systems. Also, specific requirements for the IBDC system are presented.

Chapter 3 describes the mathematical analysis for SIC technique. It defined
the signal that changes with frequency and analyzed the phenomenon that two
signals cancellation each other according to the various condition. The
cancellation characteristics and bandwidths are analyzed according to the
magnitude, phase, and group delay variations. Accordingly, the conditions for

implementing the broadband IBFD RF font-end are presented.
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Chapter 4 presents a novel broadband IBFD RF front-end with the circulator.
The circulator has the disadvantages of the magnetic devices described
previously. Nevertheless, circulators can be achieved 60 dB Tx / Rx isolation
with a relatively simple structure using SIC technology. Therefore, new
structures using circulators are proposed in order to improve the 60 dB
isolation bandwidth, and experimental results are presented.

Chapter 5 propose a magnetic-free IBFD RF front-end using out-of-phase
balancing power splitter. To eliminate the drawbacks of the magnetic devices, a
novel magnetic-free IBFD RF front-end presented. The proposed scheme
enhanced the 60 dB isolation bandwidth using an out-of-phase balancing power
splitter and the physical balance structure. The advantages of the proposed
structure and the measurement results are presented.

Finally, in chapter 6, the conclusion is presented. The significance and

contributions of the dissertation are summarized here.
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CHAPTER 2

IN-BAND FULL-DUPLEX SYSTEM

This chapter presents the transmission and reception concept of the IBFD
system and its advantages compared to the conventional FDD and TDD
systems. In addition, the requirements and issues for practical IBFD system

operation are presented.

2.1 Concept of In-band Full-duplex

Nowadays bidirectional wireless communication systems are realized with
various techniques. Representative bidirectional communication techniques are
TDD and FDD. As shown in Fig. 2.1, in TDD transmission and reception are
repeated according to the allocated time in the same frequency band. In case of
FDD, transmission and reception are performed at the same time, but different
frequency bands are allocated. Thus, transmission and reception are required to
be isolated either in time or in frequency bands. Therefore, the TDD method
reduces the data rate because transmission and reception are performed by

dividing the time. In case of FDD, the data rate is also reduced because the

12



transmission and reception are performed by dividing the allocated frequency
bandwidth in half.

IBFD is a technique to eliminate this problem and to realize the full
bidirectional communication system. As shown in Fig. 2.1 (c), IBFD performs
transmission and reception at the same time and all assigned frequency bands.
This method can eliminate the problem of data rate degradation due to TDD

time spacing and FDD bandwidth division.

power & Power Power

. Freq.
Freq.
T Tx and Rx
Tir’n% Rx Time Tx| Tim:/

Frequency division duplex Time division duplex In-and Full-duplex

(@) (b) (c)
Fig. 2.1. Transmission and reception methods: (a) frequency division duplex, (b) time

division duplex, and (c) in-band full-duplex.

However, conventional TDD and FDD systems separate Tx and Rx in time
or frequency, whereas IBFD Tx and Rx cannot be isolated because
transmission and reception are performed at the same time and frequency.

Accordingly, the transmitted and received signals of Tx and Rx interfered with

13
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each other. In the case of Tx, interference signals can be ignored because the
received signal power is relatively smaller than transmitter power. On the other
hand, leaked signal from Tx are much larger than Rx received signals and this
leaked signal effect as an interference in Rx. This interference signal saturated
or damaged the LNA and mixer in Rx and it blocks the communications.
Therefore, several requirements are proposed to isolate Tx / Rx for the IBFD

communication systems.

2.2 Requirements of In-band Full-duplex

The one of main requirements of an IBFD system is isolation between Tx
and Rx. [1] presented the SIC requirements for the IBFD system. SIC
requirements can be divided into the main Tx signal SIC (SIC 1x), harmonics
SIC (SIC Harms), and noise SIC (SIC niose). The most important SIC target is the
SICtx and it means the reduction of Tx leakage signal received at Rx. The

amount of SIC requirement of operating band Tx signals is expressed as (1).

SIC 1« (dB) = Prx (dBm) — NFL (dBm) (1)

where P1x and NFL are transmitted Tx power and noise floor level, respectively.
Equation (1) shows that the amount of main signal SIC (dB) is determined by

Ptx and NFL of applications. For the non-distortion of the received information

14



at Rx, the Tx leakage signals in the Rx should be removed down to the noise
floor by SIC.

Fig. 2.2 shows an example of IBFD SIC requirements in WiFi system. In the
figure, SIC 1« is determined to be 110 dB for P« of 20 dBm and NFL of -90
dBm using (1). 60 dB SIC out of 110 dB is first removed from the RF stage for
the normal operation of the LNA and mixer of the Rx. After RF stage SIC, the

remained 50 dB SIC is obtained in the analog and digital stages to achieve the

110 dB SIC 1.
Transmitted Signal Receiver
20 *‘ .........................
M
110 dB 60 dB of
Main Analog
Signal Cancellation
-10
E 30 Receiver
o- f
p 0 ,& tm dBpaPr  Saturation
- - I. e J lllllllllllllllllllllllllllllll
] =50 dB "
3 " o 50 dB of
o *Transmitter ] .
a " noise . Digital
B ’ Cancellation
L ]
.
-an E ssssssss Y

-90 dBm Receiver Naise floor

Fig. 2.2. In-band full-duplex self-interference cancellation requirement in WiFi system.
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SIC Harms Should be removed because it affects the down conversion process
in the mixer of Rx. In case of Super-Heterodyne transceiver, the IF
(Intermediate frequency) band leakage signals from the Tx must be removed in
RX.

However, these SIC Harms Can be easily removed by a BPF (bandpass filter)
or a BRF (band rejection filter) in front of the LNA, and the even-harmonics
can be removed using a differential PA (power amplifier) structure and and the
harmonic termination PA design method.

Similarly, additional noise from Tx leaks into Rx. Therefore, this leaked
noise increases the noise floor of Rx. The mathematical model cannot generate
the canceling signal because the noise generated at Tx is random noise.
Therefore, in general, SIC niose IS implemented by canceling in Rx using the
noise of Tx in the analog stage.

As shown in Fig. 2.3, when all the Tx leakage signals are not canceled out at
RX, it appears as in-band noise. Eventually, this in-band noise remained in Rx
degrade the signal-to-noise ratio (SNR) and EVM (error vector magnitude)

performance of Rx.
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Receiving

signal
Reduced SNR SNR
by Tx leakage with normal
conditions
A N
A H
SNR reducti g Tx leakage
reduction i (in-band noise) .
) § Y_ __ Noise floor

N
>

frequency

Fig. 2.3. SNR in Rx with Tx leakage signals.

Fig. 2.4 shows the vector signals in the constellation of RX. Pigeal, Pmea. and
Perror are magnitudes of the ideal information vector, the measured vector, and
the error vector, respectively. The EVM is a measure of in-band distortion of
the transceiver. A signal received through the ideal transmitter and receiver
have all constellation points at the ideal locations. However, self-interference in
the IBFD system cause the actual constellation points to deviate from the ideal

locations. The EVM of a general transceiver is expressed as (2).

VM (%) = e 100

Pideal (2)

normal

17



EVM with only NFL error can be rewritten as in (3) when all the self-
interference is removed from the IBFD system. In addition, the EVM with

remaining self-interference which is lager than NFL is expressed as (4).

P
EVM ., (%) = £ 100 3)
ideal
I:)self inter T I:)NFL PSG” _inter
EVM gp (%) = == T %100 = —=—x100 (4)
ideal ideal Pself _inter >PyrL

where Pseit_inter IS magnitude of remained self-interference signal power in pass
band. Therefore, the degradation of the EVM according to the amount of self-

interference can be expressed the ratio of EVMnrL and EVMgrp as

F)self_inter
. P
DGe,y (%) = EVMgeo _ I:;deal = I 100 (5)
EVM NFL NFL NFL
¥

It shows the ratio of Pseif inter t0 PnrL. Therefore, when the Peseit inter has a
lower level than the NFL, the EVM maintains the normal operation value.
Otherwise, the EVM characteristic is degraded depending on the amount of the

remained Pseit_inter.
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In conclusion, the main requirement of the RF stage in the IBFD system is a
reduction of the main Tx leakage signal by the SIC_Tx technique. Therefore,
this dissertation presents mathematical analysis and structures to remove the

main Tx leakage signal up to 60 dB in broadband.

QA
01 11
> Perror
Pideal
Pmea.
|
|
00 10

Fig. 2.4. Vectors in constellation diagram of Rx.
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CHAPTER 3

MATHMATICNAL ANALYSIS FOR SIC TECHNIQUE

This section presents a mathematical analysis of the SIC technique. At first,
we define the signal that variates with frequency. SIC technique means that two
signals cancel each other out. Therefore, the combined signal of two signals is
obtained using the defined signal. Moreover, the cancellation characteristics
and bandwidths are analyzed with the signals magnitude, phase, and group
delay variations. Finally, the conditions for implementing the broadband IBFD

RF font-end are presented.

3.1 SIC Analysis with Magnitude and Phase Difference

At first, the signal dependence on time and frequency can be expressed as
S(t, f)=Aa(f)cos(2z ft+0(f))
= Aa(f ){cos(Z;z ft)cos(6( f))—sin (27 ft)sin(6( f ))} (6)
where A, a(f) and 6(f) are the magnitude of signal, magnitude variation function

along frequency and phase variation function along frequency of the signal,

respectively.
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Fig. 3.1. Block diagram of IBFD RF front-end.

Fig. 3.1 shows a block diagram of IBFD RF front-end. SIC technology
means that two signals cancel each other out. In IBFD, leakage signal Sieax(t, f)
and cancellation signal Scancei(t, f ) are combined at Rx. The combined overall

signal Srx(t, f) in Rx can be expressed as

SRx (t’ f ) = SIeak (t’ f )+ Scancel (t f )
= A | {cos (27 ft)c0S( Gy ( T))—sin (27 ft)sin (6, (f ))}

(
+ AvgreerBoancer ( T ){cos(27r )OS ( By peet (1)) —Sin (27 ft)5iN (6 e ))} (7)
=cos(2z ft)[Aeakaleak )€0S (B () + AvancerBcancr ( T)€0S(Brapee ( f ))]

—sin(2z ft)[AeakaIeak (£)5I0 (B () + AncatBeancer ( F)SIN (Orgper ( T ))J

Also, the magnitude of Srx(t, f) can be derived as below.

Magy, =[S, (t, f)|

I:Aeak aIeak ( f )COS(HIeak ( f )) + Acancel acancel ( f )Cos(acancel ( f ))]2 (8)
+|:Aeakaleak ( f )Sin (aleak ( f )) + A:ancel acancel ( f )Sin (acancel ( f )):'2

21



Now, SIC magnitude and bandwidth according to the various signal

conditions are analyzed using (7) and (8).

3.1.1 Case 1: Constant signals along with the frequency

In this section, Sieak(t, f) and Scancei(t, f) are assumed to have constant
magnitudes A and phases ¢ along all frequencies. These signals mutually have
a 180° phase difference to cancel out each other. In addition, the small

magnitude and phase difference between two signals are as described below.

Qoo (F)=8near () =1 (9a)
A =AM+ A, (Am:magnitude difference) (9b)
O (T) =0 (10a)
O (T) =@+ m+Ap (Ap:phase difference) (10b)

where Am and Ap are the magnitude and phase differences between Sieax(t, f)
and Scancel(t, f), respectively. Using the (9) and (10), equations (7) and (8) can
be developed as shown below.

Sax_caser (1, ) =08 (27 ft)[ A, c0S(9) — (A +Am)cos(p+Ap) ]
(11)

—sin(2z ft)[Aeak sin (@) —(Ae +Am)sin (((P+Ap))]
22



M _ \/I:Aeak oS () = (Aea +Am)COS(¢+Ap)]2
agRX_casel - 2
+| Aua SN (@) — (A + Am)sin (¢ + Ap)) |

Avca’ €05 (9) = 2A 5 (Acac + Am)cos (@) cos (g + Ap)
+(Aus +Am)’ cos? (¢ + Ap)
+ A’ SIN? (9) = 2 Acarc (Aca +AM)sin (@)sin (¢ + Ap)
\ +( A +Am)25in2((o+Ap)2

= \/Aeak2 +(Aeak + Arn)2 - 2Aeak (Aeak + Am)COS(Ap) (12)
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Fig. 3.2. SIC characteristics of case 1: (a) SIC magnitude and (b) SIC contours according to

magnitude error rate and Ap.
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Simply, (12) shows that the SIC characteristic depends on Am and Ap
between the two constant signals. Fig. 3.1 shows the SIC magnitude in dB scale
(20log Magryx_caser) using (12) with normalized Ajeak (A .. = 1). The magnitude
(Mag.) error rate means a ratio of Am to A (Am/A x 100). Fig. 3.2 (a) shows that
the SIC magnitude is increased as Am and Ap approach zero. Fig. 3.2 (b) shows
the SIC contours in the range from 40 dB to 80 dB. In particular, the ranges of
Mag. error rate and Ap for achieving more than 60 dB cancellation must be
within + 0.1% and + 1x107 (+ 0.001) rad, respectively. In case of 40 dB, the

ranges of Mag. error rate and Ap must be within = 1% and + 0.01 rad.

3.1.2 Case 2: Two signals with magnitude and phase variations

In case 1, the bandwidth cannot be analyzed because it has the same SIC
characteristic for all frequencies due to the assumption of the signal does not
change with frequency. Therefore, in case 2, we analyze a bandwidth according
to the variation of the signal by defining a signal similar to the practical case.

Fig. 3.3 shows the magnitude and phase of the signals used in the analysis.
IBFD system has the most signal leakage at the center frequency (fo = 1), and
the amount of leakage decreases as it moves away from the fo. Therefore,

aleak(f) and acancel(f) can be expressed as (13). Fig. 3.3 (a) shows the magnitude
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variation according to the magnitude slop coefficient (Aa) and operating

frequency variations of (13b).

Aeak ( f ) = 1_@ (13a)

2
Acancel ( f ) =1- AQM (13b)
fo

The group delay can be expressed as the phase slope of the signal in the
frequency domain. In this section, we assume that the group delay of the two
signals is equal. The SIC characteristics due to the group delay will be presents
in Section 3.2. Therefore, the phase slope of the two leakage signals should be
the same. Accordingly, the phase variations 6Geak(f) and Gcancer(f) of the two

leakage signals can be express as

s =) 4 (142)

f—f
acancel(f) :_(_f—())_1+Ap (l4b)

0

These are the same and the phase difference between the two signals is
expressed as Ap as shown in Fig. 3.3 (b). Using these conditions, (8) is
substituted as

28 ( f 2(f)(A ’
MagRX_Casez_\/Aeak aIeak ( )+acancel ( )( m+A1eak) (15)

- 2'A\eak (Am + A1eak ) aIeak ( f )acancel ( f )COS(Ap)
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Fig. 3.3. Used (a) magnitude and (b) phase responses along with frequency in case 2.
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Fig. 3.4 shows the SIC magnitude of case 2 according to normalized
frequencies and Aa using (13), (14) and (15). In order to observe the tendency
of SIC according to Aa, the other parameters (Am and Ap) are set to zero,
except for Aeak = 1. Fig. 3.4 (a) shows that the SIC magnitude is increased as
Ao approaches 1 and the operating frequency approaches fo because the slope
constant of ajeax(f) is 1. Fig. 3.4 (b) shows the SIC contours according to Aa and
normalized frequencies. It shows that the 60 dB SIC magnitude bandwidth is

reduced according to increment and decrement of the Aa from 1.
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Fig. 3.5 shows the variation of SIC magnitude and 60 dB bandwidth
according to Aa, normalized frequencies with Ap = 0.001 rad. In case 1, more
than 60 dB SIC can be obtained when |Ap| is less than 0.001 rad. Therefore, Fig.
3.5 shows that the maximum SIC is 60 dB with Ap = 0.001 rad.

Fig. 3.6 shows the 60 dB SIC contours according to Ap variations with the
Am = 0 and Aieak = 1. The color-filled regions inside the traces mean more than
60 dB SIC frequencies. The 60 dB SIC frequency bandwidths at Aa = 1.5 are
0.93 ~ 1.07 (14%), 0.95 ~ 1.05 (10%), and 0.99 ~ 1.01 (2%) when Ap is O,
0.0009, and 0.001 rad, respectively. It can be observed that the 60 dB SIC

bandwidth is decreased as Ap increases.
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Fig. 3.5. SIC characteristics of case 2: SIC magnitude with Ap = 0.001 rad.
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Fig. 3.6. SIC characteristics of case 2: 60 dB SIC contours according to Ap.

3.2 SIC Analysis with Group delay Difference

In the previous section, the SIC magnitude and bandwidth was analyzed
according to the magnitude/phase difference and frequency variations of two
signals under group delay (GD) matched condition. However, general
microwave circuits have a group delay difference depending on the physical
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length and electrical characteristics of each path. In this section, we analyze the
SIC characteristics and bandwidth according to the group delay difference
purely under the matched magnitude and phase condition. For that, the

parameters except group delay are redefined as

aleak(f):acancel(f) =1 (16)
Acancel = A1eak =1 (17)
f—f
eleak ( f ) = _(f—O) (18)
0
f—f
ecancel ( f ) = _Aﬂ(f—O) +7 (29)

0

where Ap is phase slop coefficient of Scancei(t, f). The GD of a signal can be
expressed as (20) by differentiating the phase by the angular frequency.
Therefore, the GDs of Sieak(t, f) and Scancel(t, f) are derived as (21) and (22) by
differentiating the (18) and (19) over frequency. Moreover, GD difference

between of Sieak(t, f) and Scancei(t, f) is expressed as (23).

GD=- =—— 2
de 2z df (20)

1d( f-f 1
GDpye == =——| ——2| = 21
e 2n df[ f, j 27 f, ()



GDcancel :_ii _Aﬂ - fo = Aﬂ
27 df £, ) 2xf, (22)
GDdii‘f = GDleak - GD(:ancel = L( 1- Aﬂ) (23)
27 f,

It means that as Af varies from one, the GD difference of the two signals is
changed. To obtain the SIC magnitude and bandwidth, (11) and (12) can

develop into (24) and (25) using the above conditions.

S oo (1 T)=€08(27 ft)[ €S (Geq () —COS (O, (F)) ]

—sin (2775 ft)[5|n (9|eak ( f )) —sin (ecancel ( f ))] (24)

[605(Goae (1)) 08 (B (1)) ]

Mang_GD = ?
+[5in (@) =i ((Orpea (1)) |

:\/Z_ZCOS(QIeak(f)_gcancel(f)) (25)
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Fig. 3.7 shows the SIC magnitude according to normalized frequencies, AS
and GDyiff using (25). Fig. 3.7 (a) shows that the SIC magnitude is increased as
Ap approaches 1 and the operating frequency approaches fo because the phase
slope constant of Geak(f) is -1. Fig. 3.7 (b) shows the SIC contours according to
GDuit and normalized frequencies. It shows that the 60 dB SIC magnitude
bandwidth is reduced according to increment and decrement of the GDyift from

ZEro.
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3.3 Summary and Discussion

In this chapter, the SIC magnitude and bandwidth according to the
magnitude, phase and GD difference of the two signals were analyzed. In order
to obtain the 60 dB SIC, very precise adjustment of the offset signal is required.
However, using a circulator or a transmit/receive isolation circuit, a typical
Tx/Rx isolation of 20 dB can be obtained. Additionally, 60 dB isolation is
achieved by subsequent isolation of 40 dB using the SIC technique. According
to the mathematical analysis, the magnitude and phase error to obtain a 40 dB
SIC is 10 times wider than the 60 dB SIC. Moreover, these magnitude and
phase errors should be obtained in the overall operating frequency band to
realize the broadband SIC characteristic. Therefore, the IBFD RF front-end
structure for similar frequency responses of the leakage signal and the

cancellation signal is required for the broadband SIC.
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CHAPTER 4

SINGLE ANTENNA
IN-BAND FULL-DUPELX RF FRONT-END

This section presents broadband IBFD RF front-end using circulators(CLS).
Conventional IBFD RF front-end with CL can easily isolate Tx and Rx and
achieve 60 dB isolation in narrowband with SIC technique. To enhance the SIC
bandwidth, new structures using CLs are proposed in order to improve the 60
dB isolation bandwidth with high return loss antenna structure, and

experimental results are presented.

4.1 IBFD RF Front-end using Circulator

Fig. 4.1 shows the block diagrams of the conventional and proposed IBFD
RF front-end. Both structures consist of the CL, small-signal amplifier, variable
phase shifter, variable attenuator, variable group delay adjuster, directional
coupler, and Tx &Rx common antenna. The proposed structure replaces the Tx
directional coupler with a CL compared to the conventional circuit. This
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replaced CL makes the frequency characteristics of the leakage and
cancellation signals similar in Rx. The basic principle of operation is that some
portion of the Tx signal is passed through the leakage path to Rx because the
isolation of the CL is not perfect. To reduce the leakage signal, a part of the Tx
signal is transfer to Rx with the out-of-phase and the same magnitude of
leakage signal through the cancellation path using Tx coupler or CL 1.

Fig. 4.2 shows the propagation characteristics of the leakage path and the
cancellation paths of two IBFD RF front-ends. The leakage path can be seen
that the frequency characteristics variate depending on the isolation
characteristics of the CL 2. However, the cancellation path of the conventional
structure shows a flat frequency response in the 200 MHz bandwidth because it
implements a cancellation path using a 20 dB directional coupler. Therefore, 60
dB of isolation characteristic can only be obtained in a narrow band when SIC
technique applied with these two signals.

The proposed circuit replaces the directional coupler with the CL 1.
Accordingly, it shows a similar frequency characteristic between the leakage
path and the cancellation path. As a result, it is suitable to obtain broadband 60
dB isolation using SIC technology because the error of the two signals

according to mathematical analysis can be obtained at broadband.
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4.2 Analysis of Proposed IBFD RF Front-end using Circulator

Fig. 4.3 shows signal flow paths of proposed IBFD RF front-end using
circulator. The each leakage and cancellation signals of the proposed structure
can be analyzed as follows when the transfer characteristics of the output and
isolation terminals according to the input of the circulator are represented by Tin

/ O and liso Z Biso as shown in Fig. 4.4.
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If there is no reflection of the antenna, the leakage signal Srx main leaked from
CL2 and the cancellation signal Srx cancet generated from CL1 can be expressed
as (26) and (27).

Srx_main=4 * Ttn " liso* (1-C) £ (6h + biso + 0.57) (26)

Srx_cancel = A “fiso* G - a - C £ (Biso+ Ops) (27)
where G, a, 6ps, C are the gain of the small-signal amplifier, the attenuation
constant of the variable attenuator, the phase constant of the variable phase
shifter, and the coupling coefficient of the directional coupler, respectively. In
addition, it is assumed that both the variable attenuator and the variable phase
converter have no gain-phase cross-coupling characteristics, and the group
delays of the main path and the cancellation path are matched.

Ideally, if there is no signal reflected from the antenna, it can be sufficiently
represented by equations (26) and (27). However, the reflection characteristic
of the actual antenna may be expressed as 7 'ant Z Gant, and these signals are also
leaked into the Rx through CL1 and CL2. These Sant main @nd Sant_cancel Can be

expressed as Equation (28) and (29).

Sant_main= 4 - Ttn® - Tant - (1-c) 236+ 6 ant+ 0.57) (28)

SAnt_canceI =4 - Tth3 It liso - G-a-C £ (39th +Oant+ Oiso+ 0 p.s.) (29)
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The total signal Sttar in RX can be express as

S S +S +S +S

total — Rx_main Rx_ cancel Ant_main Ant _cancel

= AT, |1, C0S(6, + 0, + 0.57[)+%COS(Q30

th " ios

+ Gp.s.)

GaAT, T, |
+ AT, T 4 008(36, +0,, +057)+ #cos(%m 0+ 04, +0,.,) (30)

) GaAl. .
AT I _sin(8, +8. +057)+——=sin
+j th "ios ( th is0 7[) 100 (

+AT, T 5 SIN(36, + O, +0.57)+

o

is0

+ QP.S.)

GaAT 3F n IiOS 1
*Sln (30“1 t HAnt + aiso +6P-5-)

For perfect isolation, the Swtar must be a zero. Therefore, the values of a and
6ps are derived from the real and imaginary part with perfect isolation condition
as (31) and (32). Obtained o and Gps can be used as initial values in simulation
and measurement.

1 (kZBl _lez)

6 . =tan , 31
ps (k,B, +kB,) (31)
o e (32)

= ; ) 32

B,cosd,, —B,sind,
where

K, =Ty - Ligs -COS(6y, + Op +0.57 )+ T, % T o -€OS(36,, + O +0.57) (33a)
K, =Ty - lios -SIN (6, + 6, +0.57r)+'|'m3 T gy -SIN (36, + O, +0.57) (33b)
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B, =G iy C-COSG +G -Ty* T pyy - ligs - C-€0S(36), + Oy + O, ) (33c)

io

B,=G:-l-c-sind +G-T,> T, -l -C-Sin (36, + Opy + O, ) (33d)

4.3 Experimental Results of IBFD RF Front-end using Circulator

In order to verify the proposed IBFD RF front-end using circulator, it was
fabricated at the WCDMA (wideband code division multiple access) downlink
band 2.14 GHz. The used circulator and PCB are ADC214CE of Admotech and
Rogers Duroid 5880 teflon substrate with a thickness (h) and dielectric constant
(er) of 31 mils and 2.2, respectively. MATLAB, HFSS (high frequency
structure simulator) and ADS (advanced design system) were used for
simulation.

Fig.4.5 shows schematics of variable attenuator and phase shifter. To obtain
high return loss, a variable attenuator and phase shifter are designed by
connecting a PIN diode and a varactor diode to the coupling and transfer ports
of a 3 dB hybrid coupler. The PIN diode used in the variable attenuator was
HSMP-4810 of Avago and the varactor diode used in the variable phase shifter

was 1T362 of Sony.
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Fig. 4.5. Schematics of variable (a) attenuator and (b) phase shifter
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When the internal junction resistance R; is 50 Q according to the forward
bias current of the PIN diode, reflection does not occur at the termination and it
makes the largest attenuation characteristic. Fig.4.6 shows the attenuation
characteristics of the designed variable attenuator at 2.14 GHz. The R; of the
PIN diode has higher resistance characteristics as the forward current is lower.
Therefore, the attenuation characteristic increases as the junction resistance
approach 50 Q from higher resistances while the forward current changes from
0.1 to 6.3 mA. Above 6.3 mA, the junction resistance is less than 50 Q and it
causes reflections at the termination again, reducing the attenuation
characteristics. Therefore, variable attenuation characteristics of -2.5 to -28.2
dB was obtained with the less than 0.34° of phase deviation.

Variable phase shifters can obtain phase variations by varying the junction
capacitance of the varactor diode with a control voltage. The variable phase
shifter was fabricated with two varactor diodes in each branch of hybrid to
achieve a large phase-shifting range. Fig. 4.7 show phase variation
characteristics of variable phase shifter with control voltage at 2.14 GHz. Phase
variation range of 119.2° was obtained with the less than 0.22 dB of insertion

loss deviation.
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In practical operation, the signal reflected from the antenna is transferred
directly to Rx as a self-interference. Also, the signals Sant main and Sant cancel
according to antenna reflection have the largest group delay difference due to
the physical structure. Fig. 4.8 shows the simulated isolation characteristics
according to the antenna port return loss variation. The antenna port is
terminated by resistance and it has a constant return loss characteristic along
with the frequency. Therefore, return loss of the antenna port is controlled by
resistance. Simulation results show the isolation characteristics are degraded

according to the antenna return loss decrement.
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Fig. 4.8. Ideal simulation results of isolation characteristics according to return loss of antenna.
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To overcome this isolation degradation, a broadband high return loss antenna
of [58] was designed. Fig. 4.9 shows the geometry of broadband high return
loss antenna used for the measurement. This antenna consists of a dual-
polarized microstrip patch antenna with high isolation and the 90 phases offset
Wilkinson power divider. Two microstrip patch antennas are fed by a 90°
Wilkinson power divider. The reflected signals are combined at the Wilkinson
power divider with 180° phase difference and cancel out each other when the
two antennas are identical. Through this procedure, the antenna used in
measurement can be obtained high reflection characteristics in the broadband.
In case of reception, two signals are received at each antenna with 0° / 90°
phase difference, respectively. These signals are combined of in-phase by the
90° phase-offset Wilkinson power combiners and transfer to Rx.

Fig. 4.10 shows simulated broadband high return loss antenna and radiation
pattern using HFSS (high frequency structure simulator). The patch of antennas
and reflector are arranged horizontally in the x-y plane, and the simulation
results show that the radiation pattern has directivity in the z-axis with the
maximum gain of 9.2 dB.

Fig, 4.11 shows measurement results of return losses of individual patch

antennas and broadband high return loss antenna with 90° phase-offset
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Wilkinson power divider. The return losses of individual patch antennas
(Antennal and Antenna2) shows a narrow peak characteristic at 2.14 GHz. 10
dB return loss bandwidth of patch antenna is 100 MHz (2.12 ~ 2.2 GHz). The
overall return loss characteristic with a 90° phase-offset Wilkinson power
divider shows more than 25 dB (25.4 ~ 32.2 dB) in 200 MHz bandwidth.
Therefore, used broadband high return loss antenna can be reduced the SIC
degradation due to the GD difference.

Fig. 4.12 shows a GD difference between Srx main and Srx_cancel paths. The
magnetic device CL has higher GD than conventional microwave circuits.
Therefore, the GD matching circuit in the block diagram is replaced with RF
coaxial cable because the group delay difference between the Srx main and
Srx_cancel paths is relatively small. The measured group delay difference was

0.47 £ 0.12 ns over the 200 MHz band.
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Fig. 4.10. (a) Structure of simulated in HFSS, (b) 3D radiation patter, (c) x-z plane

radiation pattern (d) y-z plane radiation pattern
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The measurement results of Tx and Rx path insertion loss are shows in Fig.
4.13. The insertion loss of the Rx path is 0.55 = 0.07 dB in the 200 MHz band
because it passes through CL2 only. On the other hand, the insertion loss of Tx
path is 0.83 = 0.11 dB at the same bandwidth and it has a higher insertion loss
than Rx path because the Tx signal passes through CL1 and CL2.

Fig. 4.14 and Fig 4.15 shows the photograph of measured proposed IBFD
RF front-end using circulator and measurement results of Tx / Rx isolation. It
can be seen that the simulation and measurement results are similar. In case of
without the antenna, the simulated and measured 60 dB isolation bandwidths
are 135 MHz (2.08 ~ 2.215 GHz) and 93 MHz (2.09 ~ 2.183 GHz),
respectively. However, using the designed antenna, the 60 dB bandwidth is
reduced to 70 MHz (2.099 ~ 2.169 GHz). This is because the isolation
characteristics are degraded by the group delay difference of each path of the

signal reflected from the antenna.
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56



20 —=— Simulation w/o Ant.
—s+— Measurement w/o Ant.
Measurement with Ant.

-30

) | .
T \\

c -40

S )

ko '\_\

§ -50 / //

-60 W

e il

204 206 208 210 212 214 216 218 2.20 2.22 2.24
Freq (GHz)
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4.4 Summary and Discussion «

In this chapter, IBFD RF front-end using a circulator is proposed. The
proposed structure realized 60 dB isolation in the 70 MHz bands using a single
antenna. However, there are two issues with this structure. One is the
degradation of isolation characteristic due to the antenna reflection. Another
problem is isolation characteristics degraded with operating frequency
increases as the usage of magnetic devices and impossible to integrate with
other circuits. Therefore, in the next chapter, the in-band full-duplex RF

front-end without a magnetic device is proposed.
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CHAPTER 5

A MAGNETIC-FREE IN-BAND FULL-DUPLEX
RF FRONT-END USING OUT-OF-PHASE
BALANCING POWER SPLITTER

In this chapter, a magnetic-free IBFD RF front-end is presented. In order to
overcome the drawbacks of magnetic devices such as circulator, the proposed
novel IBFD RF front-end adopts broadband out-of-phase balancing power
splitter (BPS) and balanced structure. The SIC characteristics according to the
signals pairs in the proposed balance structure are analyzed. For validation, the
experimental results of the novel magnetic-free IBFD RF front-end are

provided.

5.1 Magnetic-free Balanced In-band Full-duplex RF front-end

Fig. 5.1 shows the proposed IBFD RF front-end consisting of 3-dB hybrid
couplers, Wilkinson power divider/combiner, and antennas. The proposed
IBFD RF front-end adopts a balanced structure (symmetric up and down) and
out-of-phase balancing power splitter (BPS)® for broadband SIC. All Tx
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signals are transmitted through two Tx antennas after 0°/180° conversion using
out-of-phase BPS. On the other hands, the signals received from two RXx
antennas are combined in-phase at the Rx by Wilkinson power combiner.
Therefore, it does not have any 3-dB loss, which is a basic problem of the

conventional IBFD RF front-ends using a 3-dB hybrid balun and transformer.
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3 5 ] |
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¢><d> e | ><C
Couple  Through Ant.ry B—o 56— At

3-dB hybrid coupler

Fig. 5.1. Proposed magnetic-free in-band full-duplex RF front-end.
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Fig. 5.2 shows a schematic of out-of-phase BPS and the reflective signal
transmitter (RST). Out-of-phase BPS consist of a 3-dB Wilkinson power
divider and two RSTs. The input signal is divided into two output signals with
the same magnitude, group delay, and phase by a 3-dB Wilkinson power
divider. These two divided signals pass through the RSTs with open and
shorted load Z., respectively. (34) shows the S-parameters of RST in Fig. 5.2
(b), derived by the port reduction method®. The transmission coefficient (Sz1)

of RST is controlled by the reflection coefficient /1.

Short h | 3-dB
or Short nput : Output
’ » Hybrid P
| 3-dB L
¥ Wilkinson _\L
— —O
S > L Z\
Open Open

(a) (b)

Fig. 5.2. (a) Out-of-phase balancing power splitter and (b) reflective signal transmitter.

60



S . 0 _JFL
RST — -
-jr. 0 (34)
(35) shows the 71 according to termination impedance Z.. According to the
open and short conditions, the /1 can have the same magnitude and opposite
sign. Therefore, the proposed out-of-phase BPS has a 180° phase difference

between the two output signals with the same magnitude and group delay.

44 -1
L _shrot ZL +Zo . (35a)
Z -7
r, =SL7% 4
L_open ZL n ZO L (35b)

Due to the balanced structure of the proposed IBFD RF front-end, there are
pairs of Tx leakage signals into the Rx. Fig. 5.3 shows the paths of Tx leakage
signal pairs in the proposed structure. The first leakage pair signals are
Steak_H_up(t, T) and Sieak_H_down(t, ), which pass through the 3-dB hybrid couplers
due to the non-ideal isolation characteristic of the hybrid. The second and third
leakage pair signals are Sieak T1r1(t, T), Sieak_T2r2(t, ) and Sieak_T1Rr2(t, ), Sieak T2r1(t,
f), respectively, which are caused by cross-coupling among the Tx and Rx

antennas. Table | shows the leakage signal names and their detailed paths. Each
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leakage pair signal with the same magnitude and phase variations depending on
time and frequency can cancel each other out at the Rx due to the dividing
characteristic of out-of-phase BPS. Therefore, the mathematical model in
chapter 3.1 can be used to analyze the SIC characteristics of the proposed

structure according to the characteristics of these leakage signal pairs.
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Fig. 5.3. Paths of leakage Tx signal pairs in proposed magnetic-free IBFD RF front-end.
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TABLE Il

LEAKAGE PAIRS AND PATHS IN PROPOSED IBFD RF FRONT-END

Names Paths
SIeak_H_up(t, f) @'@
15t Pair
SIeak_H_down(t, f) @‘@
Steak_T1R1(t, T) D-Ant.ra-Ant.rx-2)
2"d Pair
Sieak_T2r2(t, T) @-Ant.rx2-Ant.rx-@
Steak_T1R2(t, T) D-Ant.rxa-Ant.re-@
3rd Pair
Steak_T2R1(t, T) 3-Ant.Tx2-Ant.rx1-2)

5.2 Evaluation of Out-of-phase Balancing Power Splitter

In the chapter 3.1, the SIC characteristics were analyzed with various kinds
of signal conditions such as case 1 and case 2. However, these assumptions are
not the practical frequency responses in real measurement. Still, these analyses
can provide a design strategy of the proposed IBFD RF front-end. Therefore,
the comparison results of SIC simulation and measurement using the actual
magnitude and phase responses of 0°/180° power splitters are presented in this

section.
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The proposed magnetic-free IBFD RF front-end adopts out-of-phase BPS for
high SIC between the Tx and Rx. Fig. 5.4 shows the schematics of ring hybrid
and microstrip wideband balun structuresf!l are generally used for 0°/180°
power splitting. However, ring hybrid and balun structures cannot have
broadband high SIC characteristics due to the narrow band out-of-phase and
different GD characteristics which are caused by the different physical lengths
in two power splitting paths. Therefore, the out-of-phase BPS structure is
proposed to realize the equal magnitude, same GD, and out-of-phase
transmission characteristics between two power splitting paths over a wide
frequency bandwidth.

In order to verify the 0°/180° equal power division, the signal cancellation
characteristics were simulated and measured by combining two output signals
of 0°/180° power splitters with the Wilkinson power combiner, as shown in Fig.
5.5. In the Matlab simulation, (8) as well as the measured magnitudes and
phases of the two paths were used for the aeak(f), acancei(f), Gieak (f), and Geancer (f).
These measured data were included in all the magnitude and phase information.
Therefore, Ajeak and Acancer are set to 1.

Fig. 5.6 shows a comparison of the signal cancellation characteristics among

the proposed out-of-phase BPS, ring hybrid, and microstrip wideband balun at
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2.5 GHz. The proposed out-of-phase BPS shows the widest and highest SIC
characteristics among all of the circuits. The ring hybrid shows high
cancellation characteristics only in the narrowband because it has the 0°/180°
phase splitting characteristic at the center frequency. Microstrip wideband
balun shows a relatively wider cancellation bandwidth than ring hybrid, but its
cancellation is inferior to the proposed out-of-phase BPS. Therefore, the
proposed out-of-phase BPS suitable for implementation of the broadband SIC

circuit.

output1 output1
| ]

input

input

balun

\ |
output?2

output2

isolation
@) (b)

Fig. 5.4. Schematics of (a) ring hybrid and (b) microstrip wideband balun
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5.3 Experimental Results of Balanced IBFD RF Front-end

In order to verify the proposed magnetic-free IBFD RF front-end, the
proposed structure was implemented at 2.5 GHz WiMax frequency band. The
proposed structure was fabricated on an RT/Duriod 5880 substrate PCB
obtained from Rogers, Inc. with a dielectric constant (er) of 2.2 and thickness
(h) of 31 mils. The used hybrid couplers and dipole antennas are SO3A2500N1
of Anaren and MAF94028 of Laird, respectively.

Fig. 5.7 shows a photograph of the fabricated magnetic-free IBFD RF front-
end using out-of-phase BPS. The circuit size is 10x9 cm? Fig. 5.8 shows the
insertion loss of two Tx paths and the return losses at the Tx / Rx ports. As a
measurement result, the insertion losses of both Tx paths in the 200 MHz
bandwidth are 3.337 + 0.058 dB. Considering the transmitted power of both
paths, the total insertion loss of the output is 0.34 dB at fo. It shows that the
proposed IBFD RF front-end removes the 3 dB insertion loss of the previous
circuits. Return losses at Tx and Rx ports are measured more than 18.7 dB in
all 200 MHz bandwidth. Fig. 5.9 shows the noise figure measured on the Rx

path. In the 200 MHz bandwidth, the noise figure is 0.587 + 0.1 dB.
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Fig. 5.7. Photograph of the fabricated magnetic-free in-band full-duplex circuit.
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Fig. 5.9. Measurement results of noise figure at Rx.
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Fig. 5.10 shows the antenna setup block diagram used for SIC measurements.
The proposed IBFDC uses two antennas each in Tx and Rx paths, respectively.
Accordingly, the SIC characteristics can be changed due to the position and
distance of the antennas. Tx and Rx Antennas are arranged on the +y-axis and
the £x-axis with distance d from the center, respectively.

Fig. 5.11 shows the simulated radiation patterns of the dipole antennas using
the HFSS. The maximum gains are 6.2 dB, 5.1 dB, and 4.1 dB when d is 15
mm, 30 mm, and 45 mm, respectively. Among the d variations, the maximum
gain is obtained at d = 15 mm which is a quarter of wavelength distance (2d =

M4 =30 mm) between antennas at 2.5 GHz.

Fig. 5.10. Block diagram and photograph of antennas setup for SIC measurement.
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Fig. 5.11. Simulated radiation patterns with to d: (a) 3D, (b) x-y plane and (b) z-y plane
at 2.5 GHz.

Fig. 5.12 shows the measured Tx-to-Rx isolation characteristics of the
proposed magnetic-free IBFD RF front-end according to d. When the antenna
ports are terminated at 50 Q (without antennas), the 60 dB isolation bandwidths
is 190 MHz (2.37~2.56 GHz). In the case of without antennas, there is no
cross-coupling among the antennas, so only the first leakage pair signals are
canceled out at the Rx port. Therefore, the SIC characteristic without antennas

is better than SIC with antennas.
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The 60 dB isolation bandwidths with four commercial dipole antennas are
measured 80 MHz (2.464 ~ 2.544 GHz) and 113 MHz (2.446 ~ 2.559 GHz)
when d is 30 mm and 45 mm, respectively. When d is 15 mm, the amount of
the coupling between the Tx and Rx antennas is large and 60 dB SIC
characteristics cannot be obtained. The 50 dB SIC bandwidth and maximum

SIC with d = 15 mm are 70 MHz (2.46 ~ 2.53 GHz) and 59.5 dB, respectively.
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Fig. 5.12. Measured isolation characteristics of proposed magnetic-free in-band full-duplex

RF front-end according to d.
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Table 11 shows a comparison of the electrical performances among the state-

of-art IBFDCs. The proposed IBFD RF front-ends has the widest SIC

bandwidth and the best SIC characteristic among the works using antennas and

RF front-end SIC circuits.

TABLE Il

ELECTRICAL PERFORMANCES COMPARISON WITH STATE-OF-ART

IN-BAND FULL-DUPLEX RF FRONT-ENDS

fo SIC BW FBW Magnetic
Ref. ) Structure
[GHZ] [MHZz] [%6] device
Antenna SIC
[51] 24 50 @ 60 dB 2.08 Magnetic-free  RF front-end
Antenna SIC
[52] 4.6 300 @ 50 dB 6.52 Magnetic-free  RF front-end
. RF front-end
[54] 0.914 26 @ 45 dB 2.84 Circulator .
SIC circuit
. RF front-end
[55] 2.4 10 @ 45 dB 0.4  Magnetic-free L
SIC circuit
Balance
[57] 1.95 100 @ 52 dB 5.13 Circulator RF front-end
SIC circuit
. RF front-end
Ch.4 214 70 @ 60 dB 3.2 Circulator .
- SIC circuit
210 @ 50 dB
8.4 Balanced
d =45 mm .
Ch.5 2.5 Magnetic-free  RF front-end
- 113 @ 60 dB .
4.52 SIC circuit
d =45 mm




5.4 Summary and Discussion

In this chapter, a magnetic-free in-band full-duplex RF front-end is presented.
In order to realize the broadband self-interference cancellation (SIC)
characteristics, the broadband out-of-phase balancing power splitter (BPS) and
balanced structure are proposed and verified. In the proposed structure, the SIC
characteristics of the leakage signal pairs due to the balanced structure and
cross-couplings among the antennas are described.

The fabricated IBFD RF front-end characteristics are measured using
commercial dipole antennas. The simulation and measurement results are
consistent with each other. In the measurement results, the proposed magnetic-
free IBFD RF front-end has 60 dB isolation characteristics or more over the
wide frequency band. Moreover, the proposed magnetic-free IBFD is possible

to implement and integrate in RF and microwave frequency bands.
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CHAPTER 6

CONCLUSION AND FUTURE WORK

This chapter presents the conclusion of this dissertation and some future

research directions of RF front-end for in-band full-duplex systems.

6.1 Conclusion

This dissertation presents the mathematical analysis of the signal condition
to obtain 60 dB isolation and the implementation of a new in-band full-duplex
(IBFD) RF front-end with broadband 60 dB isolation. the SIC technique was
used to realize the broadband 60 dB Tx and Rx isolation. Therefore, analysis of
the signal cancellation characteristics according to the various conditions
between the leakage signal and cancellation signal was presented. Moreover,
new IBFD RF front-end structures to obtain the broadband 60 dB isolation are

proposed.

Chapter 2 shows the basic operation of the IBFD system and requirements.

The concept of the IBFD system briefly explained and compared the
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conventional TDD and FDD systems. Also, the specific requirements for the
IBDC system were presented. In a short word. the main purpose of the RF
stage in the IBFD system is realized pass band SIC technique. Therefore, this
dissertation focused on the IBFD front-end structures to realize the broadband
SIC characteristic.

Chapter 3 shows the mathematical analysis for the SIC technique. It presents
the SIC characteristics and bandwidth according to the magnitude, phase and
GD difference of the two signals with time and frequency variant signal. To
obtain the 60 dB SIC, very precise adjustment of the offset signal is required.
However, using a circulator or a Tx / Rx isolation circuit typical isolation of 20
dB can be obtained. Therefore, 60 dB isolation can be achieved by subsequent
isolation of 40 dB using the SIC technique.

In Chapter 4, IBFD RF front-end using a circulator was proposed. Two
circulators used for the broadband SIC technique for Tx and Rx 60 dB isolation.
This structure achieved 60 dB isolation in the 79 MHz frequency bands using a
high return loss single antenna. However, as the operating frequency increases,
the isolation characteristics degrade and it is impossible to integrate with other
circuits as the usage of the magnetic device. Therefore, in the next chapter, the

in-band full-duplex RF front-end without a magnetic device was proposed.
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Chapter 5 proposed a magnetic-free IBFD RF front-end using out-of-phase
balancing power splitter. To eliminate the disadvantages of the magnetic
devices, a novel magnetic-free IBFD RF front-end presented. To realize the
broadband SIC characteristics, the broadband out-of-phase balancing power
splitter (BPS) and the balanced structure was proposed and verified. The
fabricated magnetic-free IBFD RF front-end characteristics are measured using
commercial dipole antennas. The proposed magnetic-free IBFD RF front-end
achieved 113 MHz 60 dB isolation bandwidth with antennas. Moreover, the
proposed magnetic-free IBFD is possible to implement and integrate at

microwave frequency bands and over.

6.2 Future work

This dissertation is focused on the structures for implementing wideband
transmit/receive isolation characteristics in the RF front-end. Of course, a lot of
research on the analog and digital stages are in progress, but various studies are
also underway in the RF field.

One topic is the study of combining the MIMO and IBFD systems. Many
studies have already been conducted to improve data transmission efficiency by
combining MIMO and IBFD. However, in a MIMO system having multiple

transmit and receive paths, the coupling among each transmitter and receiver
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occurs and thus a complex leakage signal and a path occurred. Therefore, these
complex leakage signals should be removed to realize the IBFD with MIMO. It
is difficult to obtain broadband characteristics even in a single transmit/receive
state. Therefore, studies on various mathematical models and cancellation

techniques are required to r realize the IBFD with MIMO.
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