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Communications, University of In the in-band full-duplex(FD) systems, the self-interference (SI) power can be more
Sj:“‘i'stog;“;umfﬂgformaﬂon « than 100 dB higher than the power of the received data signal. In order to enable the FD
available at the end of the article transmission, several SI cancelation stages are needed in a FD transceiver. By combining

the cancelation at the radio frequency (RF) with a specially designed antenna and
cancelation circuitry and Sl cancelation at the digital baseband, the required level of S
cancelation can be achieved even with a non-linear power amplifier. In this paper, a FD
transceiver architecture is modeled with simulation tools that allow to use realistic
antenna and analog transceiver models and at the same time enable algorithm studies.
The analog Sl cancelation at the RF is controlled by the baseband digital processing
unit, and the tuning of the RF canceler is performed with an automatic gain control
enhanced iterative algorithm. The combined cancelation performance of the antenna
and RF canceler varies between 62 and 82 dB depending on the studied cases. The
digital baseband SI cancelation is based on the Hammerstein model in order to take the
power amplifier non-linearity into account. The coefficients of the Hammerstein model
are estimated with a self-orthogonalizing adaptive algorithm. When realistic phase
noise and IQ imbalance values are taken into account, the Sl after all the cancelation
stages can decrease the signal-to-interference-and-noise-ratio (SINR) by few decibels
(dB). In order to further enhance the Sl cancelation, the Hammerstein based S| canceler
is extended to cancel also the effect of the receiver IQ imbalance. With the extended
baseband canceler, the cancelation performance is mainly limited by the phase noise
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1 Introduction

In the in-band full-duplex (FD) transmission, the same carrier frequency is simultane-
ously used to transmit and receive data signals with the same transceiver. This offers
the potential to double the system capacity when compared to a half-duplex (HD) sys-
tem. An early attempt to realize the FD transmission was described in a 1949 patent [5]
and discussed in [33]. Due to implementation challenges, the FD concept was considered
infeasible for a long time. The drivers for the newborn interest for FD are the develop-
ment in component and signal processing technologies as well as the emergence of short
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range radio communication systems such as femto and other small-cell networks where
the transmit powers can be much lower than in, e.g., mobile cellular systems with large cell
sizes. Among the first realistic FD implementation concepts were the works introduced
in [2, 12, 13].

The main problem of the FD systems is the self-interference (SI), i.e., the leak-
age of the transmit signal to the device’s own receiver. Depending on the system,
the SI cancelation requirement can be well over 100 dB. In order to achieve such
high isolation values, several techniques for SI cancelation can be utilized in a FD
transceiver. These include the antenna design, cancelation at radio frequency (RF),
and cancelation at digital baseband [29]. The SI channel, ie., the signal path from
the transmitter to the receiver, includes reflections from the environment. Due to the
movement of the transceiver or reflecting objects, the SI channel can be time-varying
requiring the RF SI canceler to be tunable. The SI channel seen by the digital base-
band processing unit is also time-varying and must be estimated for the digital SI
cancelation.

The basic forms of active SI cancelation at RF and digital cancelation at the base-
band were introduced in [12]. These principles have then been used in several published
designs and are utilized also in this work. Other methods proposed for SI cancelation can
be found, e.g., in [4, 10, 34].

In this paper, three different SI cancelation techniques are used in a single FD
transceiver architecture. The antenna is designed using the characteristic modes the-
ory. Additional attenuation at the RF processing is achieved by using the tunable active
cancelation circuitry. The remaining SI after the analog cancelation is subsequently can-
celed at the digital processing. The digital cancelation is based on the Hammerstein
model, which is used also in [1, 15, 18]. The usage of the Hammerstein model allows one
to estimate the effect of non-linear power amplifier (PA) with linear estimation meth-
ods. The non-linearity model and linear filter used in the Hammerstein model results
in large numbers of estimated parameters. In order to decrease the computational com-
plexity, iterative algorithms have been used in the estimation of the Hammerstein model’s
parameters. As was noted in [18], the data used for the estimation is highly correlated.
In [18], the decorrelation of the data has been done through the eigenvalue decompo-
sition, which effectively implements the Karhunen-Loéve transform. Another form of
self-orthogonalizing adaptive filter was applied to acoustic echo cancelation in [19]. We
extend it to the non-linear SI cancelation. The Hammerstein model-based SI canceler is
not able to take into account the distortion caused by the gain and phase mismatches
of the in-phase (I) and quadrature (Q) signal paths of a transceiver called IQ imbalance.
The estimation of the IQ imbalance parameters for SI cancelation has been considered
in [16, 17]. In this paper, the self-orthogonalizing adaptive filter is further extended to
jointly estimate the effect of the PA non-linearity and receiver IQ imbalance when the
data used for the estimation is correlated. This paper summarizes and extends the work
by the authors published earlier. The joint compensation of the IQ imbalance and power
amplifier non-linearity in SI cancelation with the used method has not been published
previously.

The rest of the paper is organized as follows. The research method and main contri-
butions are described in Section 2. The system model and transceiver architecture are
described in Section 3, the SI channel model is described in Section 4, the SI cancelation
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methods are described in Section 5, and link capacity of a FD link is discussed in
Section 6. Numerical results are given in Section 7, and finally, conclusions are presented
in Section 8.

2 Research method

The research method in this paper is based on the co-simulation of analog transceiver
and digital signal processing. This approach allows to study the interworking of the
digital signal processing and analog transceiver as well as to model the control of the
analog parts of the transceiver with the digital processing unit. Further, the tools used
allow to incorporate realistic models for the analog parts and also to use the compo-
nent parameters from data sheets of the commercial components. The selected approach
does not replace the importance of prototype building, but it allows efficient ways
to test different implementation architectures and enables to assess individually the
effect of different non-ideal behaviors, such as non-linearity, IQ imbalance, and phase
noise.

The main contributions are the evaluation of the combined performance of an antenna
and RF canceler with realistic component models, the application and performance eval-
uation of the self-orthogonalizing adaptive filter in the digital baseband SI cancelation,
and the assessment of the effects of the performance of the combined RF and digital can-
celation on the link capacity when the link is capable to switch between the HD and FD
modes. The performance of the RF canceler includes the convergence rate and total iso-
lation of the antenna and the SI cancelation circuitry operating at RF. The inclusion of
the analog-to-digital (A/D) converter models into the transceiver model necessitates the
control of the input power of the A/D-converters in order to prevent the overloading of
the converters and at the same time utilize the full dynamic range of them. This is done
by combining the tuning of the RF canceler with the automatic gain control (AGC). In
digital SI cancelation, the linear part and non-linear distortion of the SI signal as well as
the distortion caused by the IQ imbalance at the receiver are attenuated. The effect of
the remaining IQ imbalance and phase noise on the baseband cancelation and FD link

performance is also evaluated.

3 System model and transceiver architecture

The system model is shown in Fig. 1. Node 1 is a FD transceiver capable of simultaneously
transmitting and receiving at the same carrier frequency. If it is communicating with node
2, the system is a FD link between two FD transceivers, i.e., node 2 is also able to operate
in the FD mode. This system is drawn with solid lines. The second option is indicated by
the dashed lines. Therein, node 1 receives a signal from node 2 and at the same time using
the same carrier frequency transmits to node 3. In this option, only node 1 needs to be a
FD transmitter; the other nodes can operate in the HD mode. The second option includes
the case of relaying a message from node 2 to node 3 or node 1 can be serving an up- and
down link user simultaneously. From the SI cancelation point of view at node 1, all these
cases are similar.

A block diagram of a full duplex transceiver is shown in Fig. 2. The two multipliers in
Fig. 2 represent the up- and down-converting mixers. The local oscillators (LO) needed
in the frequency conversions are not drawn to the transceiver model. The LPF blocks are
low pass filters. The LPF at the transmitter is used to suppress the power at the adjacent



Tapio et al. EURASIP Journal on Wireless Communications and Networking

(2020) 2020:127

Node 2
FD/HD

Node 1
FD

oo
/
'\-\' /
/
/

O N\
\‘\\

R
%
/
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channels. The LPF at the receiver is used to select the received data signal from the down-
converted signal band. The D/A and A/D blocks are the digital-to-analog and analog-to-
digital converters at the transmitter and receiver, respectively. The PA block stands for
power amplifier and LNA is the low noise amplifier at the receiver. The arrow on the
amplifier Ggg means that its gain is controllable by the automatic gain control (AGC).

4 Self-interference channel model

The SI channel consists of the leakage through the antenna and the reflections from the
operating environment of a FD transceiver. Although there are some published measure-
ments of a SI channel [23, 32], there are no widely accepted models for the SI channel.
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Fig. 2 FD transceiver block diagram
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A SI channel modeling approach proposed in [29] is used here. The channel tap gains
are calculated based on the assumed distances of the reflecting surfaces and reflection
coefficients of typical construction materials. The attenuation of a reflection path i is

L= L + L%{ - Gix - Gix’ (1)

free

i
where Li e

is the free space loss of the ith path

. 4

free = 20l0g;0(2d)) + 201og,, f + log;, 7 (2)
d; is the distance in meters between the transceiver and reflecting surface, f is the fre-
quency in hertz, and c is the speed of electromagnetic radiation. The loss component

caused by the reflection is

Lg, = 20log; R;, ®3)
where the reflection coefficient R; is [7, 24]
_ s%n ; 3 (4)
sinb; + Z;

and [7], [24]

1 . L
—(1 — cos6;) (vertical polarization)
Zi={V* ‘ ()
Vér, —cos?6;  (horizontal polarization).

&y, is the relative permittivity of the ith reflecting surface and 6; is the grazing angle of
ith reflection. G, and G._ in (1) are the gains of the antenna in the transmit and reception
direction of the reflections. Since the ith reflection path is assumed to include only one
reflection, i.e., the reflected signal is received from the same direction where it was radi-
ated, antenna gains are equal. The ray tracing approach can also be extended to include

multiple reflections in a single multipath component.

5 Slcancelation

The SI cancelation can be done using several different techniques. Since the cancelation
requirement can be well over 100 dB, a FD transceiver needs to utilize more than one
of those techniques. Typically, the first SI attenuation is achieved by the antenna and
an additional circuitry is used to provide additional cancelation at RF. After the down-
conversion and A/D-conversion, the SI can be further attenuated by signal processing. It is
also possible to perform SI cancelation at analog baseband before the A/D-conversion, but
if the SI signal contains several delayed components (multi-tap SI channel), an accurate
delay estimate is needed for the analog baseband cancelation.

Three different techniques for the SI cancelation are included in the architecture in
Fig. 2: isolation provided by the antenna, SI cancelation at RF, and digital SI cancelation.
Antenna design is based on the theory of characteristic modes (TCM)[6, 8]. With TCM, a
conducting body can be studied in terms of orthogonal radiating modes which are natu-
rally isolated. This can be also seen as a set of two dipole antennas oriented in orthogonal
polarization. Thus, two orthogonal modes give a good solution for the FD transceiver
with high antenna isolation between transmit and receive antenna ports. The used planar
antenna model is described in [25]. The operation frequency of the antenna in [25] is dif-
ferent from the frequency used in this paper but the operation principle is the same. The
same antenna design was used also in [26, 27, 29, 30]. The RF canceler is shown in Fig. 3.
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Fig. 3 Antenna and RF SI cancelation

It consists of an FIR filter type structure where the phase (¢) and gain values of each tap
can be tuned. The delay () equals the sample time of the A/D converters. The tuning of
the RF canceler is controlled by the digital baseband processing unit as indicated by the
dashed line in Fig. 2. For the digital SI cancelation, the SI channel is first estimated and the
estimate is then used to generate an estimate of the SI signal. The SI channel estimated at
the receiver includes the transmit chain, antenna and reflections from the environment
and the receiver chain. The SI cancelation is performed by subtracting the estimate of the
SI signal from the signal at the output of the A/D converters.

5.1 Control of the RF canceler

Since changes in the environment cause the SI channel to change, the SI canceler must
be tunable. The tuning of the RF canceler is done with a transmitted data signal in a half
duplex mode, i.e, no FD specific training signals for the tuning are needed. A gradient
algorithm is used for the tuning. At each iteration step, a complex coefficient vector w(k)
is calculated as

M

BN )Xy (), ©6)
=1

MP,

X
n

wk)=wk —-1) —

where k is the iteration index, M is the number of samples per iteration, Py is the power
of the SI signal xgj, yix is the received signal, and y; is the step size of the algorithm. The
numerical values of 1; depend on the properties of the signal as well as on the properties
of the transceiver, especially the gain of the receiver, and they have been selected by sim-
ulations to allow fast convergence at the beginning and good accuracy at the end of the
tuning. Vector xgj consists of samples xgj (1), xs1(n — 1) - - - xg1(n — N) for an N length SI
canceler. The gains of the amplifiers and phase values for the phase shifters in Fig. 3 are
calculated as the absolute values and phases of the elements of the vector w, respectively.

During the tuning, the signal levels at the inputs of the A/D converters are
reduced. In order to utilize the full dynamic range of the A/D converters dur-
ing the tuning, AGC is used to control the level of the A/D converters’ input
signals by controlling the gain of the amplifier Gpp in Fig. 2 using Algorithm 1
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Algorithm 1: Automatic gain control (AGC)

if P, > Py, then
| Gpp(k) = Gpp(k — 1) — AGgp

else if Ppp(k) < Ppp(k — 1) — 3 dB and Grr < GRrEmax then
| Gep(k) = Gpp(k — 1) + AGgp

end

where Py, is a threshold power for preventing ADC overload and AGgp is the change
in the gain measured in decibels (dB). Algorithm 1 keeps the input powers of the A/D-
converters inside the upper half of their dynamic ranges. In simulations of Section 7.2, the
AGgp is set to 2 dB.

In order to increase the convergence rate further, the variable step size p; in (6) is also
chosen based on the gain of the Ggp [27].

5.2 Digital baseband cancelation with PA non-linearity compensation

After the tuning of the RF canceler has stopped, the SI channel estimation at the baseband
can be performed. The channel estimate needs to include also the effect of non-ideal oper-
ation of the transceiver. It is assumed that the PA is the dominating non-linear component
in the system and the impact of other nonlinearities can be ignored. The transmitter chain
before the PA is further assumed to have a flat frequency response, i.e., it can be mod-
eled as a 1-tap channel. In this case, the combination of the transceiver and the channel
between the PA and LNA can be modeled as a Hammerstein system. The PA is assumed to
be a memoryless non-linear amplifier and its output is modeled as a baseband polynomial
function [35]

Q
x1(n) =Y asgrau (m)|ur ()
q=0

Q
= aygnm (W w9, 7)
q=0

where u;(n) is the transmitted baseband signal before the D/A converter in Fig. 2,
coefficients asg 11 are used to characterize the non-linearity and Q is the order of the
non-linearity.

The linear SI channel after the PA consists of the direct leakage path through the
antenna, reflection paths in the environment, and the receiver chain, which is assumed to
be linear. For the SI cancelation, the linear path of the channel is modeled as a linear FIR
filter. The output of the filter is

D-1 Q
up(n) =) ) h(d)xi(n—d)
d=0 g=0
D-1 Q

=Y h@dasgprus (n — d)|uy (n — d)[*, 8)

where 4(d) are the coefficients of the SI channel and D is the length of the channel.
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In system modeling, the goal is generally the estimation of both the / and a4 1 in (8).
However, in SI cancelation, the separation of the parameters is not necessary, hence (8)
can be written as

D-1 Q
ua(n) = Y > waqui (n — d)uy (n — d)|*, )

d=0 g=0

which can be written in matrix format as

uy = Uw, (10)

where uy =[up(n) - - us(n + D)], vectorw =[wgg - - - wD_LQ]T contains the unknown

coefficients and matrix U for the third order non-linearity (Q = 1) is

w(m) -+ ur(n—D) us(m) -+ us(n—D)
uiin+1) ---uyim—D~+1) us(m+1) --- us(n—D+1)
U= . ) . ) . ) (11)
uy(n+D) --- ui(n) us(n+ D) --- us(n)

and u3(n) = u1 (n)|uy (n)|?. The estimate of the filter coefficient vector w can be computed
with a self-orthogonalizing adaptive filtering algorithm [9, 19, 22]. The filter coefficient
vector is calculated iteratively as

Wk 4 1) = W(k) + 14C; ' Vi, (12)
where C,, is the covariance matrix of the transmitted signal, the gradient vector is

Vi, =[uij(n) - uj(n— D)
W mur(m)|? - uj(n—D)luy(n—D)*]". (13)

and p is the step-size of the algorithm. The upper bound for the step size to guarantee
the convergence is [3]

pg <2-D-Py (14)

where P, is the power of the complex baseband signal after the A/D-conversion. In the
simulations reported in Section 7.3, the step size has been u; = 2P,.

The covariance matrix of the transmitted data does not vary during the transmission as
long as the modulation method and the signal bandwidth do not change; hence, it and its
inverse can be calculated off-line and saved to the memory of the FD transceiver. When
calculating the covariance matrix, the non-linearity model must be taken into account.
The estimate of the covariance matrix is calculated as

Ne—1

_1 Nt
C, = N ; u(u (), (15)
where
u() =[u1(j) -+ u1(j — D)
u(Dlur (NI -+ w1 (j — D)|ur (G — D)[!I" (16)

and N is the number of samples used to calculate C,,.
After the coefficient vector w has been estimated, the baseband SI cancelation is
performed by subtracting u7(7) from the output signal of the A/D-converter in Fig. 2
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5.3 Baseband cancelation with the compensation of power amplifier non-linearity and
receiver IQ imbalance

In addition to the PA non-linearity, there are other non-ideal characteristics of a

transceiver that affect the SI cancelation performance. One of these is the IQ imbalance.

The IQ imbalance can be modeled as [31]

YIQ = HRXXIQ + VRX¥[q (17)

where xiq and yiq are the signals before and after the IQ imbalance. The parameters
wrx and vry are defined using the amplitude imbalance (£) and phase imbalance () as

uRrx = cos(8/2) + j& sin(6/2) (18)
vrx =§& cos(0/2) — jsin(6/2).

Using the IQ imbalance model (17) and the Hammerstein non-linearity model (9), the
combined effect of the PA non-linearity and receiver IQ imbalance is modeled as

D-1 Q
Uy (n) =prx Y Y Waqta(n — d)|uy (n — d)|*1+ (19)
d=0 g=0
D-1 Q
VRX ) ) W i (n — d)lur(n — )X,
d=0 qg=0
For the SI cancelation, the separation of the parameters is not needed as explained in
Section 5.2; the IQ model parameters and the coefficients of the non-linearity model can
be combined. Hence, the effect of the non-linear PA and IQ imbalance can be written as

D-1 Q

up(n) =Y g qur(n — d)lur(n — d)[*1+ (20)
d=0 g=0
D-1 Q

0 aquin — d)luy(n — d)*.

d=0 g=0

The estimation of the parameter vectors w and w is done in two phases. In the first
phase, the second term in (20) is considered to be part of the noise in the received signal
and the SI cancelation is performed as in Section 5.2. After the first phase, the coefficient
vector w is estimated iteratively from the residual SI still present in the output signal of
the SI canceler as

Wik + 1) = W(k) + 1aC; 1V}, (21)

where Vj is the complex conjugate of the gradient vector (13). After the coefficient
vectors have been estimated, the SI cancelation is performed as

D-1 Q
ysi(m) =xsi(n) = Y Y Wa g (n — d)|ur(n — ) (22)
d=0 g=0
D-1 Q R
=Y Wagui(n — d)u (n — )[4,
d=0 g=0

where xg(7) is the signal before digital baseband SI cancelation.

Page 9 of 21
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6 Effect of Sl cancelation performance on the FD link sum rate
The performances of the analog and digital SI cancelation methods affect the link sum
rate via the residual SI power after all the cancelation steps and resources needed by the
cancelers.

The maximum achievable sum rate of a HD link in white Gaussian noise channel
(AWGN) is

Rup = a(1 — kpp,1) logy (1 + y1)+ (23)
(1 — ) — kyp2) logy (1 + y2),

where o defines the proportion of transmission times of nodes 1 and 2 (see Fig. 4), kup,1
and «xppy are the pilot overheads of the received signals in the HD link, and y;, y» are
the receive signal-to-interference-plus-noise ratios (SINR) at nodes 1 and 2, respectively.
If the SINR is the same at both nodes (y = y1 = j») and the pilot overhead in both
directions is the same (kyp,1 = kHp2 = kHD), (23) reduces to

Rup = (1 — kpp) log, (1 + y) (24)

When the nodes are operating in the FD mode, the link capacity is affected by the residual
SI after the cancelation, the pilot overhead needed for the SI cancelation at the digital
baseband, and the time needed to tune the RF canceler and estimate the SI channel. If
the RF canceler is not tuned correctly, the SI at the receiver can overload the receiver
unless AGC is not used to control the signal power at the input of the A/D converters
preventing the reception of a data signal from a distant node. Even when the AGC is used,
the received signal can be blocked by the SI and the increased noise level at the receiver.
Hence, it is assumed that during the tuning of the RF canceler, the node cannot decode
the data. The tuning of the RF canceler as well as the baseband SI channel estimation can
be performed using a training signal or in the HD mode using the transmitted data signal.

(1-a)T oT
<> —>

HD Up Down

FD Up |Down Up & Down

«—>< >
(-p)T BT

< >

Fig. 4 Up- and down-link frame structures
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After the tuning has stopped and the SI channel has been estimated, the link is switched
to the FD mode. Parameter 8 €[0, 1] defines the proportion of time spent in the HD
and FD modes. If the HD mode requires the usage of additional FD specific pilots for SI
channel estimation in digital baseband SI cancelation, the capacity is further reduced by
the factor «gp. By taking into account of these factors, the sum rate of a FD link is

Rep = B(1 — kep — kpp)[log, (1 + y1) (25)
+log, (14 y2)] +(1 — B)Rup.

If the tuning of the RF canceler is done with a training signal, i.e., no data is sent during
the tuning, the last term in (25) is zero. SINR terms ()1, y») include the thermal noise and
residual SI after the SI cancelation.

7 Numerical results

7.1 Transceiver and signal model

The signal used in the simulations is an orthogonal frequency-division multiplexing
(OFDM) signal with 48 data sub-carriers and 4 pilot sub-carriers at 3.5 GHz center fre-
quency. Data sub-carriers are modulated using 16 level quadrature amplitude modulation
(16-QAM). The bandwidth of the signal is 20 MHz. The antenna is modeled using an
electromagnetic simulation tool (CST Microwave Studio). Simulated S-parameters are
brought to the system model as an S-parameter file. The FD transceiver including the
analog SI cancelers and A/D converters is modeled using the Advanced Design System
(ADS). The maximum values of the integral (INL) and differential (DNL) non-linearity
to least significant bit of the A/D converters are 5.0 and 0.7, respectively. The I1Q imbal-
ance and phase noise data is taken from [21]. The phase and amplitude imbalance of the
transceivers are 0.5° and 0.1 dB, respectively. The phase noise is characterized with the
values in Table 1. The PA is modeled using a non-linear amplifier model available in ADS.
The amplifier non-linearity is characterized by the 1 dB compression point (P;4p.) and the
output’s third-order intermodulation intercept point (TOI). The numerical values used in
the simulations are 25 dBm and 35 dBm for P14 and TOI, respectively.

7.2 Slcancelation at RF

The performance of the RF canceler is shown in Fig. 5a. The SI power attenuation axis
gives the amount of additional SI isolation in dB provided by the RF canceler. The total SI
isolation at RF is then the sum of this additional isolation and isolation provided by the
antenna. The iteration index axis is k in (6). At each iteration, the update in coefficient
w is calculated using 1 OFDM symbol. With the used signal model this equals 4 us. The
SIC1 curve is from [30], and it represents the case when the SI channel consists of the

Table 1 Phase noise

Freq. offset Phase noise
1 kHz — 87 dBc
10 kHz — 103 dBc
100 kHz — 99 dBc

1 MHz — 112 dBc

10 MHz — 125dBc
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Fig. 5 Additional SI cancelation provided by the RF canceler when the antenna isolation without reflections

is 61 dB:a Sl channel delay smaller or equal to RF canceler delay, b Sl channel delay longer than RF canceler
delay

direct leakage through the antenna and three reflections from the environment at the dis-
tances of 0.5 m, 1 m, and 3 m. The delay attenuation pairs for the paths are (3.33 ns, 45 dB),
(6.67 ns, 50 dB), and (20.0 ns, 55 dB). In this case, the number of reflections is the same
as the number of taps in the RF canceler. The SIC2, SIC3, and SIC4 curves represent
the cases when a fourth (2 m,13.33 ns,51 dB), fifth (0.75 m, 5.0 ns,47 dB), and sixth
(3.75 m, 25.0 ns, 56 dB) reflections have been added to the SI channel model, respectively.
In all these cases, the delays of the paths have been shorter or equal to the maximum
delay of the RF canceler (= 25 ns). In Fig. 5b, the SIC5, SIC6, SIC7, and SIC8 curves show
the performance when the length and delay of the longest path have been increased to
4.5 m, 30 ns, 5.25 m, 35 ns, 6.0 m, 40 ns, and 7.5 m, 50 ns. The path loss of the longest path
in these cases has been 57 dB.

When there are no reflections from the environment, the antenna provides 61 dB
isolation over the signal bandwidth. The antenna cannot attenuate the reflected SI com-
ponents; hence, the antenna isolation is reduced when there are reflections present.
Table 2 gives the isolation values in dB for the antenna only case, the additional isolation
provided by the RF canceler, and the total isolation. All the values in Table 2 are given in
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Table 2 [solation provided by the original antenna and the RF canceler and the total isolation in dB

SIC SIC2 SIC3 SIC4 SICS SIC6 SIC7 SIC8
Antenna only 486 44.5 40.1 39.1 409 394 40.6 403
RF canceler 342 310 310 32.1 286 342 254 223
Total 82.8 755 71.1 712 69.5 736 66.0 62.6

dB. The isolation values for the RF canceler are taken from the marker positions (m25-32)
in Fig. 5.

In Fig. 6, the reflections are the same as in the cases reported in Fig. 5 and Table 2
but antenna model has been modified from the original one. The shape of the frequency
response of the antenna has not been altered, but the isolation in the case when there are
no reflections has been reduced by 20 dB to 41 dB.

The results in Tables 2 and 3 indicate that when the numbers of reflections and taps
in the RF canceler are the same, the higher antenna isolation (61 dB) gives a better per-
formance than the antenna with lower isolation (41 dB). However, when the number of

reflections increases, the total isolation is in the same order with both the antennas and in
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Fig. 6 Additional SI cancelation provided by the RF canceler when the antenna isolation without reflections
is 41 dB: a Sl channel delay smaller or equal to RF canceler delay, b SI channel delay longer than RF canceler
delay
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Table 3 Isolation provided by the modified antenna and the RF canceler and the total isolation in dB
SIC1a SIC2a SIC3a SIC4a SIC5a SIC6a SIC7a SIC8a

Antenna only 414 419 386 37.7 39.2 380 389 387
RF canceler 30.0 31.0 395 393 394 322 334 27.8
Total 714 729 78.1 77.0 786 70.2 723 66.5

some cases, the antenna with lower isolation combined with the RF canceler can give bet-
ter SI cancelation performance than the combination of the RF canceler and the antenna
with higher isolation. These results show that when the SI channel includes reflections
from the environment, the increased antenna isolation does not necessarily improve the
cancelation performance since the reflected SI is received by the antenna without attenu-
ation. The variation of the cancelation performance in Tables 2 and 3 depends also on how
different reflected SI components add at the receiver (constructively or destructively).

7.3 Digital baseband Sl cancelation

After the RF canceler has been tuned, the SI channel is estimated at the baseband digi-
tal processing unit. The SI channel between the antenna input and output ports and the
state of the RF canceler are from the case SIC1 in Fig. 5a. The performance of the digital
SI canceler is measured by the increase in the noise level when compared to the HD case.
The results in Fig. 7a and b show the increase in the noise level as a function of the trans-
mitted power (SI power at the PA output). The linear PA curve shows the increase in the
noise level with a linear PA. In this case, the SI channel is estimated with a least squares
(LS) estimator. The Non-linear PA, linear canc. curve shows the performance with a non-
linear PA when the SI channel is estimated with the same LS estimator as in the linear
PA case. The Non-linear PA, LMS canc., and LMS canc with I1Q comp. curves give the
performances of the estimators described in Sections 5.2 and 5.3, respectively. In these
four cases, the phase noise and IQ imbalance at the transmitter and receiver are the same
as those given in Section 7.1. As it can be seen from Fig. 7a, the noise enhancement in
the linear PA case and non-linear PA with the Hammerstein model-based SI cancelation
case are about the same. When the receiver IQ imbalance is taken into account, the resid-
ual interference after the cancelation is further reduced. This suggests that the effect of
non-linear PA and receiver 1Q imbalance can be efficiently compensated with the used
methods and that the transmitter IQ imbalance and phase noise at the transmitter and
receiver cause the performance degradation.

In order to separate the effect of the phase noise and IQ imbalance in the non-linear
PA case, simulations in the case of phase noise only, IQ imbalance at the transmitter
and receiver, IQ imbalance at receiver only, and IQ imbalance at transmitter only were
performed. The SI cancelation is done as described in Section 5.2. The results of the sim-
ulations are given in Fig. 7b. When the transmit power is 20 dBm and there is no I1Q
imbalance at the transmitter nor the receiver, the phase noise increases the noise floor
with about 0.8 dB. In the cases of IQ imbalance in the transmitter or receiver (no phase
noise), the noise increase is about 1 dB. As can be seen from Fig. 7a, the residual SI at
20 dBm transmit power with the IQ imbalance compensation is 1 dB lower than with-
out it. This shows that the proposed method efficiently cancels the combined effect of
receiver IQ imbalance, PA, and the linear part of the SI channel.
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7.4 Biterror rate performance

The bit error rate (BER) simulations are run in the case represented by the column SIC1
in Table 2. After the SI channel has been estimated, the system switches to FD mode. It
is assumed that the SI channel does not change during the FD transmission. The channel
between node 1 and node 2 is an additive white Gaussian noise (AWGN) channel. The
BER results are given in Fig. 8'. The HD curve shows the performance of a HD link. The
FD 10 dBm and FD 20 dBm curves show the performance without IQ compensation when
the transmit power has been 10 dBm and 20 dBm, respectively. The curves FD 10 dBm,
1Q comp, and FD 20 dBm, IQ comp show the performance with IQ compensation. In all
these five cases, the IQ imbalance and phase noise values are those listed in Section 7. The
FD, Ideal TxRx 20 dBm curve shows the performance when the transmit power is 20 dBm
and there is no phase noise or IQ imbalance in the transceiver. When the transmit power
is 10 dBm or lower, the BER performance of the FD link is the same as that of the HD

1Roughness in the BER curves is due to the limited number of iterations in ADS/Matlab co-simulations.
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link. When the transmit power is increased to 20 dBm, the BER performance without IQ
compensation is about 2 dB worse and with IQ compensation about 1 dB worse than the
performance of an ideal FD receiver as is expected based on the results in Section 7.3.

The BER performance in fading channel case when both 1Q imbalance and PA non-
linearity are compensated is shown in Fig. 9. The channel model used in the simulations is
a non-line-of-sight indoor channel with 50 ns averaged root mean squared delay spread.
The used model is available in the ADS software. With 10 dBm SI power, the performance
of the FD link is the same as with HD link. With 20 dBm SI power, the performance
difference between the HD and FD systems is about 1 dB which is the same difference
than in the AWGN case!.

7.5 Full-duplex link sum rate
As was seen in the Section 7.3, the noise level of a transceiver operating in the FD mode
can be higher than that in the HD mode because of the imperfect SI cancelation. The

Half-duplex
— = = Full-duplex (S 10 dBm)
.......... Full-duplex (SI 20 dBm)

BER

10'3 L I I L L
16 18 20 22 24 26 28

SNR [dB]
Fig. 9 BER vs. SNR in fading channel
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effect of the increased noise level on the sum rate of a FD link can be evaluated with (25).
Since both the RF cancelation and SI channel estimation are performed using the trans-
mitted data signal in the HD mode, no additional FD specific pilots or training signals
are used and hence krp = 0. The data transmission between the nodes 1 and 2 requires
the usage of pilots for the synchronization and channel estimation. Because the goal is to
investigate the impact of the SI cancelation on the sum rate, the xrp is also set to zero
here. It is further assumed that the transceivers at nodes 1 and 2 are identical and the per-
formance of the SI cancelation at the both nodes is the same; hence, the SINR at the both
nodes is assumed to be the same (y; = y»).

The effect of residual SI on the sum rate is shown in Fig. 10. The horizontal axis gives
the SNR in an ideal case, i.e., when the SI cancelation has removed all interference. The
HD curve gives the sum rate on a HD link and the 0 dB curve shows the capacity of an
ideal FD link (no residual SI). Curves labeled with 1 dB, 3 dB, 5 dB, 7 dB, and 10 dB show
the capacity when the residual SI has decreased the SINR with 1 dB, 3 dB, 5 dB, 7 dB, and
10 dB, respectively. When the SINR reduction due to the residual SI is less than 5 dB, the
ED link capacity is always the same or higher than the capacity of a HD link in an AWGN
channel.

The effect of the tuning time of the RF canceler and the time needed for the SI esti-
mation at the baseband unit on the spectral efficiency of the FD link is shown in Fig. 11.
Curves labeled with 8 = 0.9 and 8 = 0.6 represent the cases where no data is received
from the distant node during the tuning and SI channel estimation and they require 10%
and 40% of the transmission time, respectively. Curves labeled with “ = 0.9 data” and
“B = 0.6 data” are for the cases when tuning and SI channel estimation is done in the
HD data transmission mode and they are needed during 10% and 40% of the transmis-
sion time, respectively. When the tuning of the RF canceler and SI channel estimation are
needed seldom, the FD link capacity is not drastically decreased. On the other hand, when
they are needed more frequently, their impact on the capacity increases. On the other
hand, when they are performed while transmitting data in the HD mode, the effect of the
tuning time on the link capacity is not as severe as in the case when the data transmission

Imperfect S| cancellation

Sum rate [bits/s/Hz]

0 5 10 15 20 25 30
SNR [dB]

Fig. 10 FD link sum rate vs. SNR for different residual Sl levels
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is stopped for the tuning, especially if the tuning and SI channel estimation needs to be
done frequently.

The rate by which the tuning of the RF canceler and SI channel estimation needs to be
done depends on the scenario and the assessment would require measurements. How-
ever, the results in [30] show that if there are reflective surfaces or objects near the FD
transceiver, even a small movement, measured as a small fraction of the transmitted wave
length, can cause drastic changes in the SI cancelation performance and hence necessitate
re-tuning and estimation.

8 Discussion and conclusion

The effect of the SI cancelation on the FD link capacity was studied. A FD transceiver
architecture, where SI cancelation is performed with three different techniques,
(1) antenna isolation, (2) SI canceler operating at RF, and (3) digital SI cancelation at
the baseband unit, was modeled. In order to have a realistic transceiver model, a sim-
ulation tool allowing to use the same format of component parameters that are used
in the data sheets of commercial components was used to model the analog parts and
A/D-converters of the FD transceiver. Baseband processing is modeled with Matlab. The
ADS/Matlab co-simulation allowed also to control the RF canceler and the gain of the
analog receiver chain.

Reflections from the environment decrease the isolation of the antenna but the usage
of a RF canceler improves the total isolation at the RE. Depending on the SI channel real-
ization, the RF canceler gives around 30 dB of additional cancelation as long as the largest
delay of the RF canceler is not significantly shorter than the maximum delay of the SI
channel. The performance is in the same order as the results in, e.g., [11, 14], although
there are differences in the transceiver models and system setups and models. The RF
canceler can be tuned and the SI channel can be estimated using the transmitted data
signal for the training. Since the system can operate in the HD mode during the tuning,
the sum rate of the link can be kept at a higher level than in the case, where the train-
ing and SI channel estimation would be done off-line. The non-linearity of a PA and IQ
imbalance in the receiver is taken into account in the baseband SI cancelation. With low
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transmit powers, the effect of the non-linearity and IQ imbalance are below the ther-
mal noise power. When the transmit power is increased to 20 dBm, their effect without
compensation is clearly visible. By using a simple iterative processing, their effect can be
efficiently canceled. The remaining limiting factors in the baseband cancelation are the
phase noise and IQ imbalance at the transmitter. If FD transmission is planned to be used
in wireless systems with high transmit power, the transmitter IQ imbalance compensa-
tion should be included in the SI cancelation. The transmitter IQ balance compensation
in non-linear SI channel is left for the future work. High transmit power can also drive
the LNA into non-linear region. One topic for future work is to design a SI canceler that
can take into account more than one non-linear component in the system. The transmit-
ter and receiver chains were modeled as frequency flat circuits. In wideband systems, this
assumption does not necessarily hold and the frequency response of the transmitter and
receiver should be taken into account.

If the SI channel varies frequently, the capacity improvement by the FD transmission
can be compromised, since the system must switch to the HD mode for the tuning of the
RF canceler and baseband SI channel estimation. The variation in the SI channel can be
smaller and slower in scenarios were the FD transmitter is static, i.e, access point/base
station and in the cases where the frequency of the transmission is low. After the RF
canceler has been tuned, the baseband SI channel estimation can be performed also in the
FD mode [20, 27, 28]. This can increase the benefit of the FD transmission by increasing
the throughput. However, the number of samples needed to estimate the SI channel in
the HD mode is much lower than in the FD mode. Hence, the choice in this paper was to
perform the SI channel estimation in the HD mode.

The joint modeling of analog SI cancelation at radio frequencies (both antenna and RF
circuit based cancelers) using a software tool capable to model the behavior of real anten-
nas and RF components and of baseband processing limits the possibility to do wider
system level simulations. However, the results can be used to generate system level mod-
els where the performance of transceivers can be modeled with realistic parameters. But
in order to gain understanding on the real benefits of FD transmission and on the other
hand fully understand the restrictions on the performance, realistic simulation scenarios
as well as test implementations are required in the future.
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