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Abstract—This article investigates a full-duplex base station
using a generalized frequency division multiplexing (GFDM)
transceiver with the radio frequency (RF) impairments including
phase noise, carrier frequency offset (CFO) and in-phase (I) and
quadrature (Q) imbalance. To fully focus on the RF impairment
issue, we study the simple configuration of single uplink user and
single downlink user. They both are half-duplex wireless. In the
uplink, we study analog and digital self-interference (SI) cancella-
tion and propose a complementary SI suppression method. Desired
signal and residual SI powers and signal-to-interference ratio (SIR)
are derived in closed form. Similarly, in the downlink, we derive
desired signal power, co-channel interference signal power caused
by the uplink user and SIR. The RF impairments degrade the
efficiency of SI cancellation and affect GFDM more negatively than
full-duplex orthogonal frequency division multiplexing (OFDM).
Hence, we propose full-duplex GFDM receiver filters for maximiz-
ing the SIR for both uplink and downlink transmissions. Finally, the
uplink and downlink rates and the uplink-downlink rate region are
derived. Significantly, the optimal-filter based GFDM outperforms
full-duplex OFDM by 25 dB higher SIR and an uplink rate increase
of 500%.

Index Terms—Full-duplex radios, generalized frequency
division multiplexing (GFDM), radio frequency (RF) impairments,
signal-to-interference ratio (SIR), filter design, rate region.

I. INTRODUCTION

A. Background and Motivation for GFDM and Full-Duplex
ITH the development of full-duplex radios, the simulta-
U w neous transmission and reception on the same frequency
band can potentially double the network capacity, reduce net-
work delay, and improve network secrecy and the flexibility
of spectrum use [1]. However, fifth generation (5G) wireless
is a paradigm shift in throughput, latency, and scalability (100
times faster) vis-a-vis the current fourth generation long term

evolution (4G-LTE) standard, which uses orthogonal frequency
division multiplexing (OFDM). However, OFDM can be overly
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sensitive to synchronization errors and produce high out-of-band
emissions. Moreover, OFDM may not be able meet the physical
layer requirements for future services such as massive machine-
type communication for the Internet of Things.

Thus, future wireless standards may be supported by gen-
eralized frequency division multiplexing (GFDM) [2]. Unlike
OFDM, GFDM deliberately allows for non-orthogonal sub-
carriers, which however creates mutual interference [3]. Indeed,
GFDM allows a trade-off between this interference against
several benefits. They include digital implementation of filter
banks, low peak-to-average power ratio (PAPR) which reduces
the hardware cost and power consumption, low out-of-band
emissions, high spectral efficiency and low latency [3]. Due to
these advantages, GFDM has recently been extensively inves-
tigated for cognitive radio networks [4], [5], space-time coding
systems [6], filter designs [7], Internet of Things [8], and optical
Networks [9]. GFDM also allows for the optimization of pulse
shaping filters to enhance desirable performance metrics. Thus,
GFDM presents a potential alternative that may achieve the
performance targets of 5G wireless and beyond.

In principle, full-duplex base-stations can double spectral effi-
ciency by simultaneously communicating with downlink uplink
users over the same band (for cellular full-duplex radios see [10],
[11] and references therein). The users can be full-duplex or
half-duplex. However, these base stations experience strong
self-interference (SI) signals, and the downlink users experience
co-channel interference from uplink users. Due to these interfer-
ence effects, the actual spectral efficiency gains diminish, and
it is important to establish the achievable gains. Fortunately,
research on full-duplex radios is already appearing. For exam-
ple, [12] develop estimating and cancelling interference terms to
improve the spectral efficiency. In [13], interference alignment
is deployed to address the mutual interference. Moreover, the
impact of full-duplex radios can be incorporated into other
emerging technologies such as massive MIMO (multiple input
multiple output). For instance, [ 14] and [15] consider full-duplex
massive MIMO base stations and investigate beam-domain
representation of channels and energy harvesting, respectively.
Note that this list of papers is not exhaustive, but rapidly
evolving.

However, potential spectral efficiency gains of full-duplex
radios will erode due to the presence of radio frequency (RF)
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impairments. Further, comparative evaluations of GFDM and
OFDM are needed. These are the goals of this paper.

B. The Problem of Self-Interference

However, full-duplex radios are fundamentally limited by
self-interference (SI), which can be as high as 100 dB above the
noise floor of the local receiver [16]. Thus, SI must suppressed
by passive or active cancellations. However, passive methods
include spatial isolation, directional separation, and antenna
decoupling [17]. In contrast, active cancellation can be analog
or digital [18]. Active analog cancellation injects a cancelling
signal to the receive signal in order to suppress SI. This injection
can be done at RF or at the analog baseband. In contrast,
with active digital cancellation, reconstructed digital samples
are subtracted from the quantized received signal. It however
requires the estimation of the SI channel and the knowledge of
transmitted data.

However, even with these cancellation methods, residual
SI remains 15 dB higher than the receiver noise floor [19].
One reason is the RF impairments. Phase noise [17], carrier
frequency offset (CFO) [20] and in-phase (I) and quadrature
(Q) imbalance [21] are three major RF imperfections which
introduce inter-carrier interference and inter-symbol interfer-
ence. The interference terms affect the performance of the
system, e.g., reducing the link capacity. By modeling RF impair-
ments with transmit and receive independent Gaussian distortion
noises, [22] studies massive MIMO full-duplex relaying and
shows that spectral efficiency is reduced in the presence of
the RF impairments. These may be due to aging and low-cost
components such as oscillators, which introduce short term
phase fluctuations (phase noise). Furthermore, with multicarrier
modulations such as GFDM and OFDM, CFO between the
incoming signal and the local oscillator results in inter-carrier
interference. Moreover, IQ imbalance generates an image signal
which is about 25 dB below the desired signal [23] but will
be an interference nevertheless. Throughout this paper, unless
otherwise stated, GFDM and OFDM refer to GFDM full-duplex
radio and OFDM full-duplex radio, respectively.

C. RF Impairments on Full-Duplex OFDM and GFDM

Impact of RF impairments on OFDM full-duplex transceivers
has been widely studied. References [17] and [24] clearly show
that phase noise impairs SI cancellation, e.g., 30 dB SI increase
due to phase noises of two independent oscillators (for up/down
conversions). Reference [21] proposes widely-linear digital SI
cancellation to compensate for IQ imbalances. Furthermore,
the ST and desired channels can be estimated under IQ imbal-
ance [25], and an optimal pilot matrix is proposed. CFO estima-
tion given IQ imbalances is studied in [20]. The collective impact
of phase noise and IQ imbalance is investigated in [26]; it is
found that with perfect digital domain cancellation, the average
SI power increases linearly with 3-dB phase noise bandwidth
and IQ image rejection ratio (IRR). Moreover, [23] develops
the maximum likelihood estimates of the intended channel, SI
channel and RF impairments including the IQ imbalance, power
amplifier non-linearity and phase noise.

The rate region of the OFDM full-duplex transceiver is an-
alyzed in [27]-[29]. In [27], rate regions of half-duplex and
full-duplex OFDM are compared, and several power allocation
algorithms are proposed. Moreover, the achievable sum rates of
half-duplex and full-duplex OFDM in the presence of non-ideal
conditions are studied in [28]. In [29], phase noise impact on
digital cancellation capability of full-duplex OFDM is analyzed
in terms of the interference-to-noise ratio, common phase error
and the channel estimation error, and the achievable rate region
is investigated.

Unlike OFDM, GFDM uses non-orthogonal sub-carriers and
a pulse shaping filter covering several time-slots. Therefore, the
latter may be more affected by RF impairments than the former.
Thus, is it better to use GFDM than OFDM? For GFDM half-
duplex radios, this question has been somewhat investigated.
For example, the collective impact of timing offset, CFO and
phase noise are studied in [30], and an optimal filter in presence
of CFO is designed in [31]. Joint channel and IQ imbalance
estimation is considered in [32], which develops an IQ imbalance
compensation scheme. The CFO estimation problem for GFDM
system is studied in [33], [34] and CFO cancellation techniques
are proposed.

D. Problem Tackled in This Paper

On the other hand, for GFDM full-duplex radios, such studies
are few and far between. For instance, [35] proposes a digital
interference cancellation scheme and derives SI power. But it
does not consider analog SI cancellation nor analyze the effects
of the RF impairments. Furthermore, to the best of our knowl-
edge, a base-station GFDM full-duplex transceiver has not been
investigated by considering analog and digital SI cancellations,
phase noise, CFO and IQ imbalance. Moreover, the optimization
of its performance by designing optimal transmitter and/or re-
ceiver filters against RF impairments, which also determine the
rate region of it, has remained elusive. These issues have never
been investigated as far as we know.

Some preliminary results on these issues can be found in [36],
where we model and analyze the GFDM full-duplex transceiver
with RF impairments including phase noise, CFO and IQ im-
balance for both analog and digital cancellations. Moreover,
a receiver filter to maximize the desired signal-to-interference
ratio (SIR) for the uplink is proposed. In this current paper,
we greatly extend [36] and model a system with both uplink
and downlink transmissions and consider the impact of channel
estimation error, as well. Moreover, the differences from [36]
include optimal filter design problems for maximizing the SIR
in uplink and downlink and the analysis of the uplink-downlink
rate region given RF impairments.

E. Contribution of This Article

In this paper, we study the performance of the GFDM full-
duplex transceiver with phase noise, CFO and IQ imbalance.
The transceiver is part of the base station serving an uplink user
and a downlink user at the same time and frequency (Fig. 1).
However, the two users are half-duplex nodes. Since our main
goal is to provide a comprehensive modeling and analysis of the
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Fig. 1. System model.

transceiver with the RF impairments, we consider two users only.
Multi-user scenario are also interesting but are left for future
work. The transceiver gets the uplink user signal and leaked
own SI signal. Moreover, the received downlink signal contains
the base-station intended signal and the uplink co-channel in-
terference signal. These SI, desired and interference channels
are modeled as frequency selective, a natural assumption for
high data rate systems, where channels become frequency se-
lective. The base-station has two independent local oscillators
for up/down conversions and both of them incur IQ imbalances.
Moreover, we assume that the uplink user has no RF impairments
and downlink user suffers from CFO mismatch only.

More specifically, the following contributions are made:

e We fully model the GFDM full-duplex transceiver with
phase noise, CFO and IQ imbalance. Both analog and
digital SI cancellation stages are included to develop a
complementary digital SI cancellation method.

® In the uplink, we derive residual SI power after analog and
digital SI cancellations and desired signal power given the
RF impairments. Furthermore, in the downlink, we derive
desired signal and co-channel interference signal powers.

® We also derive SIR for both uplink and downlink. We find
that GFDM transceiver is more sensitive to the RF impair-
ments than OFDM transceiver. To mitigate this problem,
we design optimal receiver filters to maximize the SIR of
the GFDM transceiver.

e Rate region is an important concept and refers to the
ordered pair of the downlink data rate and uplink data
rate. In our problem, these two are mutually dependent
because the transmit powers affect both SI and co-channel
interference. We derive the rate region by maximizing
the uplink rate under the constraint of constant downlink
rate. An algorithm for the rate-region computation is also
developed.

e All the theoretical derivations are verified with simulation
results. Full-duplex GFDM and OFDM transceivers are
comparatively evaluated. It is worth mentioning that the
collective impact of phase noise, CFO and IQ imbalance
has not been investigated previously.

This paper is organized as follows. Section II presents the
system model. Section III analyzes the power of uplink and
downlink signal components. Section IV formulates the SIRs
of uplink and downlink and develops SIR-maximizing receiver

filters. Section V derives uplink and downlink rates and solves
the rate-region optimization problem. Section VI provides simu-
lation and numerical results to verify the accuracy of the derived
results. Finally, Section VII provides the concluding remarks.

II. SYSTEM MODEL

As mentioned before, the considered system (Fig. 1) con-
sists of a full-duplex base-station equipped with single separate
transmit and receive antennas for serving an uplink user (U, )
and a downlink user (U; ), simultaneously. The system suffers
from phase noise, CFO and IQ imbalance. To alleviate SI, we
consider analog (RF) linear cancellation and baseband digital
linear cancellation. The U, transmitter has no phase noise nor
IQ imbalance impairments. Moreover, the U; receiver has no
phase noise and IQ imbalance but has a CFO mismatch. These
simplifying assumptions are made in order to isolate and focus
on the effects of RF impairments and SI cancellation on the
GFDM transceiver. However, U; and U, may also have various
RF impairments. The evaluation of their impact is left for future
works. In the following, we analyze the system in detail.

A. Uplink Transmission

The base-station GFDM transceiver generates the transmit
signal for M time-slots with K subcarriers. For one symbol
time, the discrete GFDM signal may be expressed as

K—1M-1

o) =va Y Y dimgmlnle T, 0<n < MK — 1

k=0 m=0
(1)

where « is average transmit power, {dj ,} are independent
and identically distributed (i.i.d.) complex data symbols with
zero mean and unit variance and k is the subcarrier index
and m is the time-slot index and g,,[n] = g[n — MK,k is
a circularly shifted version of normalized prototype filter g[n]
(Zﬁﬁg” lg[n]|* = 1). A cyclic prefix is added and digital-to-
analog conversion is performed. The analog baseband signal,
x(t), is passed through the IQ mixer. I-and Q-branch amplitude
and phases mismatches create an undesired signal, which is the
mirror image of the original signal. Thus, the IQ mixer output
may be written as [21]

21Q(t) = (912,a2(t) + gra,12* (t))e.ﬁbm(t) )

where (.)* indicates complex conjugate, g7, q and gr, ; are
the transmitter IQ mixer responses for the direct and image
signals, respectively, and ¢, (t) is random phase noise of the
local oscillator of the transmitter side. The transmit signal is
amplified with a high gain amplifier and sent over the wireless
channel. However, part of it appears as SI in the base-station
local receiver. Consequently, the received signal in base-station
from U, could be expressed as

Q(t) = S(t) * hz(t) + :L']Q(t) * hS[(t) + wz(t) 3)

where * denotes the convolution, s(t) is uplink transmit signal
from U, to base-station, h,(¢) is the uplink multipath chan-
nel, hgy(t) is the multipath coupling channel between the lo-
cal transmitter and the receiver of base-station, and w,(t) is
the additive Gaussian noise with zero mean and variance Nj.
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The samples of GFDM signal s(¢) may be expressed by (1) with
«s being the average transmit power and with i.i.d. input symbols
of {d}, ,, }. To suppress the SI signal, analog linear cancellation
is applied by subtracting the reconstruction signal. Thus, the
resulting signal may be expressed as

y(t) = S(t) * hz(t) + .I‘IQ(t) * hRS[(t) + wz(t) 4)

where hrsr(t) = hsr(t) — hapco(t) is residual SI channel
where hapc(t) is estimate of the the multipath coupling
channel. The subscripts RSI and ALC denote residual self-
interference and analog linear cancellation. Empirically, 30 dB
SI attenuation is possible with analog SI cancellation [24].
Next, y(t) goes through the receiver IQ mixer which, similar to
transmitter, has 1Q imbalances and produces the image signal.
Moreover, we consider CFO between the local oscillators of the
transmitter and receiver of base-station. Thus, the signal at the
output of the IQ mixer is written as

Y1o(t) = gra,ay(t)e I Pme D2t

+ Gro, 1y (t)el Pre(Demi2mast )

where ggr,.q and g, are the receiver IQ mixer responses for
the direct and image signals. ¢ g, (t) is random phase noise
of the local oscillator of the receiver side and Ay indicates
the difference between carrier frequency of the receiver and
transmitter local oscillators.

IRR quantifies the quality of the IQ mixer which is defined

as the ratio between the powers of the IQ mixer response of
_ |9Ra, 1\

the image and direct signals IRRp, = lors [21]. According
to (2), (3) and (5) and assuming L-tap propagation channels
(h[n] = ZL;()I hid[n —1]), the sampled signal could be ex-
pressed as

ZhRSIn Haln — 1] +

+ W, l)s[n — +hSn, l]s"n — 1]+

yiQ[n Rsz[” Na*[n —1]

wy[n]+w3 [n]
(6)

where equivalent channel responses for individual signal com-
ponents can be written as

JZﬂ'sn

h{%SI [n’ l] _ ng,ngw,thSI,lej(d)TX[n - ¢Rx[n])

—i2
) ;;en

+ g%z,IgRa:,IhES[’le_j(quX [n=l-¢rxn]),

thI[n,l] :ng,Ing,thSIlej(¢Tx[n -¢rx(n]) , 25

+ g}x,dQRz,IhESI,zefj(quX [n=l)-¢nx[nl) o =F=

j2men

hin, 1] = gra.aha e 7 9rx Ml K

—j2men
K

W, 0] = gre rhs eionx e

w% [n] — gRaj7de_j¢RX [71,]ej271r(5n w [n]
W] = gre,re??nx e T wi ] @)

where € is the normalized CFO by subcarrier spacing. Before de-
ploying digital linear cancellation, the samples are sent to GFDM

demodulator where the estimated symbol at % -th subcarrier and
m’-th time-slot is

R MK-1 N
dy o= > (o) fonle™ % ®)
n=0

where f_[n] = f[n — mK],, is circularly shifted version of
receiver filter impulse response f[n]. Finally, to further de-
crease the residual SI signal, we can use the classical digital
linear cancellation [21]. This method utilizes the replica of
transmitted symbols, dy, /., and estimation of the equivalent
residual SI channel, ﬁf{ g7[n, 1], and then generates and subtracts
digital cancellation symbols from the demodulated symbols.
Furthermore, [21] shows that after the classical digital linear
cancellation, conjugate SI signal is the dominant source of
distortion. Thus, it proposed widely-linear digital ST cancellation
method [21] in which SI image components are also attenuated.
This method can be done in similar manner as classical digital
linear cancellation by this difference that the replica of conju-
gate of the transmitted symbols, dz’,m,, and estimation of the

equivalent image residual SI channel, h, [n, ], are utilized to
generate digital cancellation symbols. In this paper, we adopt
this for full-duplex GFDM and refer to the combination of
classical digital linear cancellation and widely-linear digital SI
cancellation as complementary digital linear cancellation. The
output of complementary digital linear cancellation could be
expressed as

C-DLC SI,i DLC,i
$iC PR = (R, — RPEC) + (R — RPECY)

S,1m

+mw+mu+ww+@wl )
where RYJ . Rf{,ff/n, P By i w;%,, and w,i'{,l,:? are
correspondlng terms for SI signal, desired 51gnal and the equiv-
alent noise after GFDM demodulator that are derived from (1)
and (6)—(8). These derivations are omitted due to the space
limitation. The superscripts DLC and C-DLC represent digital
linear cancellation and complementary digital linear cancella-
tion, respectively. Moreover, RD EC and R,?,I;n, " are classical
digital linear cancellation and w1dely linear d1g1ta1 SI cancella-
tion terms, respectively, which are written as

L—-1 MK-1
DLC = Vadym ZZhRSInZ [n]gm
=0 n=0
[n l] 7_]27rkl
L-1 MK-1
CZ *
kD’I;n’ fdk ’m’z Z h’RSl n, lfrn [ }gm’
=0 n=0
[n—l)e %" (10)

where hlg;[n,1] and h%g,[n,1] indicate equivalent channel
estimation of the linear SI signal and the conjugate SI signal, re-
spectively. Note that output of the classical digital linear cancel-
lation is derived by, dS DLC dS CoPLO 4 RkD/L €+ Clearly,

the estimated symbol i in ©)] contams inter carrier interference
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and inter symbol interference terms from SI signal and uplink
transmitted signal, which are caused by the RF impairments and
non-orthogonality of GFDM.

B. Downlink Transmission

The signal received by U, in downlink may be written as
r(t) = 1o (t) * hi(t) + s(t) * ha(t) + w (t) (11)

where h;(t) is downlink multipath channel, h3(t) is the channel
between downlink and uplink users, and w;(t) is the additive
Gaussian noise with zero mean and variance Ny. We assume
that the normalized CFO by subcarrier spacing between the
oscillators of base-station and U transmitters is equal to €. With
the L-tap channels and removal of the cyclic prefix, the discrete
samples of the received signal become

Zhlnl Jz[n — 1] + h2[n, z*[n — 1]
1=0

+ hasin — 1] + wi[n]

TCFO

(12)
where the equivalent channel responses are given by
h{ [7747 l] = gTw,dhl,lej(bTX[n_l]em%

]27\'677

W90, 1] = grerhy €77 X e (13)

Thus, signal (12) goes through GFDM demodulator and the
estimated symbol at % -th subcarrier and m -th time-slot is

-~ ME -1 —j27rkln
dy = Y (reroln])w,, [nle” &
n=0

= Uy + Ui + Uty + Nidy (14
where w, [n] = w[n — mK], is circularly shifted version
of receiver filter impulse response w[n]. Moreover, U, g’,m, and

U ,? ,l;n", are corresponding terms for downlink signal and Uy,
is corresponding term to interference signal from U, on U .
Finally, N9, indicates the equivalent noise. All of these terms

could be denved by utilizing (12), (13) and (14).

III. SIGNAL POWER ANALYSIS

Here, we derive the powers of desired signal, interference
signal and noise in both downlink and uplink. We assume two
separate up/down conversion oscillators of the base-station. This
will result in two separate phase noise processes. Indeed, if
there is a physical separation in the transmitter and receiver of
base-station, then this model is appropriate. Moreover, single
common local oscillator for both up/down conversions has also
been considered for compact full-duplex transceivers [24]. How-
ever, we do not consider that option in this paper.

A. Uplink Transmission

In this section, the power of the residual SI signal, the power of
desired signal, and the power of the equivalent noise are derived.

1) RSI Signal Power: To derive this, we use standard models
for the RSI channel and phase noise. We assume that hgsy[n] =
ZZL;OI hrsrid[n —1] is a wide-sense stationary uncorrelated
scattering (WSSUS) process. WSSUS processes are commonly
used for modeling multipath fading channels, e.g., to describe
the short-term variations. The WSSUS model allows the channel
correlation function to be time-invariant and the paths with
different delays to be uncorrelated. These properties have been
observed empirically. For this reason, we assume WSSUS pro-
cesses for all wireless channels in our system. Accordingly,
the taps hrgr, are mutually independent, Ej[hgrsy,] = 0 and
Enllhrsri!] = U%ZSI,Z’ l=0,1,...,L — 1 [24]. Furthermore,
Brownian motion free-running oscillators [30] generate phase
noise [p[n + 1] — ¢[n]] ~ N (0,47 5Ts), where ¢[n| is Brow-
nian motion with 3-dB bandwidth of 5 and T} is the sample
interval. The autocorelation function of ¢[n] may be expressed as

[E¢ ej¢["1]e*j¢[”2]:| _ 672\n|7n2|rrﬁTS. (15)
Moreover, complex data symbols are uncorrelated
([Ed[dkl,mldzz,mz] = d[ky — ka]d[my — my]). We also assume

that the multipath fading channels, transmitted data and
phase noise are independent random processes. These
assumptions are standard throughout the literature. By
utilizing them, we readily find that the variance of the
linear residual SI after analog linear cancellation is given by
ot = E(|RYL, 1] = En[Eg[Eql|RY,, P]]). which after
stralghtforward manipulation, is derived as

L-1MK-1MK-1

ad, D D fwlmlfinae

=0 n1=0 mny,=0

SI ALC _
k 'm/!

—4|n;—ny| BT

_727\'(71.] ny)e

—jam(ny—no)e
X <|9TX,d9RX,d| + l9rx,19RxX, 1| R )

N

-1 M-

._.

!
2w (ny—ny)(k—Fk )
X RSI 19m[n1 — U]y, [n2 —le K

0 m=0

B
Il

(16)

The power of the linear residual SI after complemen-

tary digital linear cancellation can be defined as a,f [PLO =

E[| R}, — RPES ) which is given by
MK—-1MK-1

O_SI DLC . E § : fm nl ] —4|n;—na|mBTs
nl—O ny= =0

]27r('n.] no)e

—jom(ng—ny)e
X <|gTX,ngX,d| + lgrx,19RX, 1| e o )

Ohsrigmlnt — Ugp[na — 1]

x g inimppl(ick) )] + [agegm/ [n1 — g%, [na — l]} }
17)

where O’ is the channel estimation error variance, which is
modeled as 02, =t x r where t and x indicate analog linear
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cancellation and digital linear cancellation suppression, respec-
tively [24]. Note that (16) and (17) depend on multipath profile,
3-dB phase noise bandwidth, normalized CFO, IQ imbalance
coefficients, number of subcarriers and time-slots and GFDM
receiver and transmitter filters. Thus, all these parameters affect
the efficiency of analog and digital SI cancellations. Similarly,
the conjugate-residual-SI signal power after analog linear can-
cellation and after complementary digital linear cancellation
could be formulated as

O_kS’{;LimfALC
L-1MK-1MK-—

S35 3D s

=0 n;=0 mny,=0

[nZ] —4|ny—no|mBTs

127'("] np)e

—j2n(ni—nj)e
X (|9T 19Rx,d|’e +|9rx,a9rx,117¢” * )
KolM-1 —j2m(ng—ny) (k+k)
x Ths19mlm = gmlna —le K
k=0 m=0 18
(18)
and
MK—-1MK-1
0;3‘{ %m DLC __ —a Z Z fm/[nl]f;ﬂ[n2]674\n17m\7rBT5
’I’L1:0 77,2:()
_]27r(n.] ny)e

_j2m(ny—ny)e
X <|9TX,19RX,d| + lgrx.agrx.alfe” * >

K—-1M-1

{[Z Z Z URSI 19m [

=0 k=0 m=0
k#k' &m#Em/

— lgm[na =1

32 (ny—ny) (k+k )
X e K

—jam(nj—n )k/
i [Jzeg:n’[nl —lglnz == % ]

(19)

where USI im—ALC [|RSI "n\] and o,f{m?m DLC —
E[|R:T: ””—RDL% |. Again, the results depend Itipl
i ko 17). Again, the results depend on multiple

system parameters, and hence provide the means and flexibility
of system performance evaluations for different configurations.
Following (17) and (19), total power of residual SI signal after
complementary digital linear cancellation may be expressed as

SI SlfDLC_"_ SI—im—DLC
ak,’m - Yk/m k,/m/ .

(20)

2) Desired Uplink Signal Power: By substituting & = &k’ and
m = m/, the desired symbol could be extracted from R}, ,,,, as

e L1 MK-1 . g
\/OTSdk: 'm/ Z Z h2 [TL, l] [ ]gm’ [Tl - l]
=0 n=0
(21

Thus, from (21), interference signal could be expressed as
Ry = R} 1y — dy 1,y We assume a WSSUS uplink channel

haln] = 2170 haad [n — 1]. Thus h; ; are mutually independent,

E[h24] =0 and E[|ho]*] =03, 1 =0,1,...,L — 1. There-
fore, the variance of the desired symbol could be expressed as

L-1MK-1MK-1

O—Ii,’m’ = [lds o ] :Oés|gRX,d|ZZ Z Z O'%,l

=0 n;=0 mny,=0

e 2=l mBLs £ iy £ (2] g [ =1 gl 02 — Te

J2m(n)—ny)e
K

(22)

The interference signals could be considered as R;j°, , and

Rif:ﬁ, The variance of the first-term could be calculated as

RSS
Uk 'm! =

— 2real <[E |: k ’m’dz /::LI/):|) =E [|RZ,’m"2] +E |:|dz ’;an’) 2:|

2B [|d; 2| = oft

[mg,m, —dy 2} — E[|R},"] +E [\ds un)| }

(23)

’_J]f:'m
s

where 0, = E[|R;,,,,,|*] is equal to

L-1MK-IMK—-1K—-1M-1

I 2 2 2|ni—na|wpTs
Ok'm/ :as|gRX,d| g E E E E 02,16 [n1—na|mB

=0 n1=0 ny;=0 k=0m=0

. . 2 (ny—m) (et bk )

X f’m’ [n]]fm’ [nz]gm [nl - l}gm[nz - ”e l %( .
(24)

Moreover, the variance of the second term could be

expressed as

L-1MK-1MK—-1K—-1M-1

RS»m 2 2 2n,—n,|mBTs
Ol i :Ofs|gRX,I|§ E E E E 05,€ 1 —nalmT.

=0 n1=0 n,=0 k=0m=0
. . —i2m(ny—ny) (ethtk )

X Sl e [n2l g 1 = Ugmlna —lJe™ & :
(25)
Obviously, derived results are function of system parameters
including amount of phase noise, CFO, IQ imbalance, channel
propagation and GFDM parameters. The total power of the

interference signal is given by

JZ:’;L O—kl/.%/m/ + U?/m/ O—i‘,/m/' (26)
3) Equivalent Noise Power: Since additive Gaussian noise is
CN (0, Np), the variance of direct equivalent noise w;*, , in (9)

is given by
MK-1
o = E[lwf e PP] = lgnx.alPNo > |fulnl P

n=0
(27

Similarly, the power of image equivalent noise weq’"n in (9)
is written as

. 4 MK-1
o = E {|w23’1m77\2} = lgrx1’No D |fmln]l”
n=0

(28)

According to (27) and (28), noise power depends on 1Q
coefficient, noise variance and the receiver filter. Moreover,
they are independent of subcarrier index. Finally, the total noise
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power can be written as

w o wed weq,im
Ok,/m/ = Uk,”m’ + Uk,/m’

(29)

B. Downlink Transmission

Here, the power of the downlink signal and interference signal
between the two users and noise are derived in closed-form.
According to the WSSUS model for downlink channel h[n] =
ZIL;OI hi[l]é[n — 1], hy; are mutually independent, E[h; ;] =0
and [E[‘hl’l|2} = UIZJ, = 0, 1,.. . L—1.

1) Desired Downlink Signal Power: According to (14), de-
sired downlink symbol can be extracted from U[fl’, 4 DY substi-
tuting k = k' and m = m/ as

L-1 MK-1 -
—down —Jemhk b
dy 2o = fodg iy Y bl lw, nlgan — e %
=0 n=0
(30)

The variance of the desired downlink symbol is thus written
as
L-1 MK—1 MK-1
o = E “dZ?ﬁf’wn 2} = 04|9TX,d|ZZ Z Z i
=0 n;=0 mn,=0

Jam(n)—ny)e
K

e 2T [y [12] e (11— 1) g [0 — U :
31

Now by subtracting the desired downlink symbol in (30),
interference signals may be considered as U, , — d3 %™ and
U,?’,izl,. Similar to (23) and according to (12), (13) and (14), the
variance of the first term could be calculated as o*,[c]fim, - cr,f !
where o) = E[|U{,, ., ?] is given by

L-IMK—-1 MK—1 K—1 M—1
U 2 2 —2ni— T,
R = algrxal?Y L Y D D0 Y ot
=0 n=0 mny=0 k=0 m=0
jam(ny—no) (e+h—k )
X Wy [ Jwiyy [n2] gm [0 — U gy, [0 — e K -
(32)
Furthermore, the variance of the second term is given by
L-IMK—-1MK—-1K—1 M—1

yd.im 2 2 2|ny—ny|wBTs
Thim :04|9TX,I| E E E E E ot e |1 —na|mBT.

=0 TL1:0 n2:0 k=0 m=0

N " .7‘2‘"("1*”2)(6*k*k/)
X Wy [ ] Wys [M2] g, [0 — U] g [n2 — e K

(33)
Thus, the total power of the interference signal is given by
d—i U ydim d
O-k?,/’l?n' = Jk,’m’ + O-k,’m’ — Jk,’m" (34)

The results clearly show that power of different components
of desired downlink signal are dependent of phase 3-dB phase
noise bandwidth, CFO parameter, IQ imbalance coefficients,
multipath profile of channels and GFDM parameters.

2) Co-Channel Interference Signal Power: We again assume
the WSSUS model for co-channel interference channel between
the uplink user and the downlink user, which is expressed
as hi[n] = ZZL;OI hs,6[n —1]. Thus, the taps hs;; are mutu-
ally independent, E[h3 ;] = Oand E[|hs ] = 03,1 =0,1,...,

L — 1. Following (12), (13) and (14), the variance of the inter-
ference signal from U, onto U; can be expressed as

L-1MK-1MK-1K-1M-1

O DD DD DI DI B L0 ) (R

=0 n1=0 mn,=0 k=0 m=0

X gl — g,z — TR
(35)

This co-channel interference (35) is a function of multipath
profile of channel between the two users, the normalized CFO
and the transmit and receive filters of GFDM.

3) Equivalent Noise Power: Since additive noise is dis-
tributed as A (0, Ny), the variance of equivalent noise in (14)
may be expressed as

MK-1
OB = E [INe P = No 30 feelm”

n=0

(36)

Similar to the case of uplink transmission, the power of equiv-
alent noise depends on the variance of noise and summation of
the receiver filter coefficients and is independent of the index of
the subcarrier.

IV. SIR FORMULATION AND FILTER OPTIMIZATION

Here, SIRs for both downlink and uplink are derived, and
SIR-maximizing optimal receiver filters for base-station and U,
are proposed.

A. Uplink Transmission

From (20), (22) and (26), SIR of the estimated symbol in k’-th
subcarrier and m/-th subsymbol is written as
Fup _ O—Z’,’ m’

k,)m/ ST s,1
k,/m/ + Uk’,’m/

(37

Since GFDM uses non-orthogonal waveforms, it performs
worse than OFDM in the presence of RF impairments. This sug-
gests that it should achieve lower SIR than OFDM. Fortunately,
the performance of GFDM can be improved by exploiting the
degrees of freedom inherent in receiver prototype filter { f[n]}.
However, the SIR depends on both transmit and receive filter
prototypes (g[n] and f[n]). To retain the benefits of GFDM such
as lower out-of-band emissions, we fix g[n] to be a conventional
filter of raised cosine type.

Following that, we can optimize receiver filter {f[n]}
to maximize the SIR given RF impairments. Let us de-
note fi rm' = SpM,wnfoo € CMEX! contains samples of

fermen] = f,o[n]le™ K™ in (8) where fo0€ CMEX1 g
the column vector including receiver filter f[n] sam-
ples, M,y € CMEXME circularly shifts fyo and Sy =

. —jonk! —jemk! (MK-1) .
diag([1,e B yee € TR ])ECMKXMK is the sub-

carrier mapping matrix. It is worth mentioning that (8)

could be expressed as dj ., =yrofim where yiq €
CIxMK /

contains yrg[n]. Moreover, according to deriva-

tions, we rewrite the derived variances in matrix form as
_ H SI _ _eH SI

U’i,/m/ = O‘sfk,’m’vlsc,/m/fk,’m” O—k,/m/ = of ,/m/V fk,’m’ and
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U,ifm, = as(f,f{,m,VRfk,/m/ — fI“’[,m,VZ/m,fk,/m/) where
L1
s 2 2 _2ni—na|wBTs
Vi ena,ma] = |grx.alo3 e g fny — 1]
1=0

27 (ng—ny)(e+k)
K

o[z = UJe o9
V3 g, ny]
L-1 K-1M-1
— o~ 4mi—na|m BT URSI 19m[n1 —1]
1=0 k=0 m=0
k#k &m#=m!

X G2 — 1] (|9TX,ngX,d| e K

—J2m(n)—ny)(e=k)
K

+ |QTX,IQRX,I|26 —|-|9TX,Ing,d|2

J2m(ny—ny)(e—k) *.7’2ﬂ'(n1*n2)(€+k))
K K

X e + \gTX,ngX,I|2€

+ Ugegmf [nl - l]g:n’ [’I’Lz—l] (|gTX,ngX,d|2

j21r(n]—nz)(e+k/) 2 —j27r(nl—'nz)(e—k,)
xe K +lgrx.19rx.1]"€ K
Jam(ng—ns)(e~k )
+ l9rx.19rX.4]€ K
> —j2r(nj—ny)(et+k )
+ |97 x,a9rx,1]"€ K (39)
L1K—1M-1
R *
V¥ny, ni) = ‘72 19m[n1 — gy, [n2 — 1]
=0 k=0 m=0
—2|ny—na|T BT o Bl mp)leth) 2
x g 2mimnalnl (\9Rxd| + l9rx,1l
—j2m(ny-ny) (e+k)
x TR ) (40)

Now, in order to find f; o that maximizes SIR, we rewrite SIR
in matrix form as

K-1 M 1 el s
Fup o Qg k'=0 f ’Vk;”m/fk,/m/
- K-1 IW 1
k'=0 fl?’m’Vflﬂv'm' - asflgm’vlz,’m’fk,'m’
H
- fo’oTlfO,O (41)
foli)(Tz — T])f070
_ SI R _ K—l M1 nrH
where V = aV®" +a, VT, TlK—?zs =0 2m'—0 Minias
SV Sk Myyas and Ty = 371020 > OMH,Msk,Vsk,

M, as - Therefore, the filter design problem for maximizing the
SIR could be formulated as
xH T x

fopt
0, xH (T, —T)x

o = arg max
X

||| = 42)

where x € CME>*! and ||x|| indicates norm of x. To solve

this, we first consider the Cholesky factorization as T, — T} =
LL*. This can be substituted in (42) to yield

xATx
XH(TZ — TI)X

yHLflTlLHfly
yly

- x7 T x
- xH(LLH)x

where y = L¥x. The above ratio is known as Rayleigh
quotient [37]. It can be readily shown that the Rayleigh
quotient reaches its maximum value when y is the correspond-
ing eigenvector of the maximum eigenvalue of L~'T L7,
But, this eigenvalue remains the same if LI, = (T, —
T, )’1 T, . Therefore, the optimal receiver filter is given by [38]

f(i’ét o max [eigenvector ((Tz — Tl)’lTl)] ) (43)
Thus, this optimal receiver filter maximizes the SIR of the
GFDM full-duplex under the RF impairments after analog linear

cancellation and complementary digital linear cancellation.

B. Downlink Transmission

Due to the full duplex operation of the base-station, uplink
and downlink transmissions occupy same frequency and time
slots. Thus, interference from U, in uplink on U; in downlink
decreases the performance of the downlink. In the uplink section,
we have proposed the SIR-maximizing receiver filter. However,
with two stage SI cancellations, residual SI as a main source
of interference on the desired uplink signal is eliminated. But
since there is no interference cancellation in downlink, receiver
filter design alleviates the effects of interference signal from
other user. By utilizing (32), (33) and (35), SIR for the k’-th
subcarrier and m/-th subsymbol can be expressed as
Fdown _ Jg 'm/

- _d—i .
Oy JSm/! + Uk ’m

(44)

Similar to the uplink case, we rewrite the variance terms
in (44) as a function of the receiver filter. Let us denote
Wk,/m' = Sk/Mm/]\/[WQ,() S CMEX1 where Wo,0 € CMEX1 g
the column vector including receiver filter w[n] samples. The
variances could be expressed in matrix form as ng,m, =

s d7 3
awg’m’n%,’m’wk/m” Ul[é]y'm’ = O‘Swlg’m’nswkﬁm’ and Oy ’an’ =

(Wil e = Wil i Wi ) where

L-1
Mt [2,m1] = lgrx.alfot e 2m =m0 g ng — 1]
1=0
j2m(ny—ny)(e+k')
X groi[na fl]ej2 o , (45)
778[77‘27'”1]
L-1K—1M-1 ) s (et
03 19m[m1 = lgy,[na — De X ,
1=0 k=0 m=0

(46)
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and
L—1

N

N

g

-1

2
01,19m [
0

M [n2, 1] —lgp[n2 = 1]

=0

% 672\71. —na| BT (

=
Il

0m

j2m(n)—ny)(e+k)
e K

Jam(ng—no)(e—k)
+ |grx,1|7e K )

(47)

By utilizing (45), (47) and (46), we can write the SIR of the
downlink transmission as

Fdown
H
«a Z —O Wk m’nk ' Wk ,/m/
- K-1 M 1
k'=0 =0 wk’ ’m’n Wk, /m' — awk,’m’nk,’m’wk/m
H
. Wo,0T3W0,O (48)
- H
Wi o(Ta — T3)wop
— K 1 M 1
where T =am®+an®t, Ty=ad i oM,
K-1 ]W 1
Sg’l’lz,/m/skam/]\/[ andT4 = k=0 MH,ZMSMT] Sk/

M, ns. Following (42) and (48), optimal uplmk receiver filter
is given by

wly oc max [eigenvector ((Ty — T3) 'T3)] . (49)

V. ACHIEVABLE RATE REGION

Rate region refers to the ordered pair of the downlink data rate
and uplink data rate. These two are mutually dependent because
the transmit powers affect both SI and co-channel interference.
The rate region can be obtained by maximizing the uplink rate
under the constraint of constant downlink rate.

Here, we express both downlink and uplink rates and for-
mulate their rates as optimization problems. By using residual
SI power after complementary digital linear cancellation (20),
desired signal (22) and equivalent thermal noise (29) for uplink
in Section III-A, and Similarly, according to derived expressions
(31)—(36) for downlink in Section III-B, signal-to-interference-
plus-noise ratio (SINR) of uplink and downlink can be formu-
lated as

s
TP O, ’m’
o—k. //,n/ + O’k ! L/ + o-k !
Aup
Bk ’ ! + aC / + D
d
frdown _ Uk !
k,/m' —
ot T O o O
Adown
- Bdoum + OzSCd‘f%’ﬁ + Dd)oum (50)
where AZ?m’ :f%m’vz,’m’f]@/m" B;:I’y _flg{m’(VR_
Vi)
k,/m’
f cyr = tH VI, D =op, L, Ao
k,/m’> k,/m/ k,/m’> - O’k’/m/a [
H d _ d—i d
Wk / /nk / /Wk Jm!s B Own Wk:,/m’(n v — nk’/m/)Wk”m/,
Cdm‘”ﬁ = Wil M Wi /m “and Diown — o . According

Algorithm 1: Maximum Uplink Rate for a Downlink
Target Rate.

1:  Set maximum allowable power Py ax.

2:  Compute Ry, = R (Ppax, Pmax) using (51).

3: If Re < Ryp, set a®Pt = Ppax and find a2t = Py
via bisection method until R%°""(a, o) = R, and
stop.

4: If R. > Ryp, set a2t =
via bisection method until R4°“" (v, av)
stop.

t
max and find " = Pmax
= R, and

to (50), the uplink and downlink achievable rates may be
expressed as

R (a, a5) = Z Z log, (1 + TZ?M/)
=0m/=0
K—1M-1
R (o, o) Z Z log, (1+YT{wm). (5D
=0m/=

Note that both uplink and downlink rates are dependent of
system parameters, and different configurations could be con-
sidered for evaluating their performance.

Following (51), the optimized rate region is formulated as

max R"P(a, ) (52a)
s.t. R%“™ (o, o) = R, (52b)
« S Pmax7 aS S Pmax (520)

where R, is a constant and P,,,,, indicates maximum allowable
power that can be consumed in uplink and downlink transmis-
sions. The problem (52) is not convex in general because the
objective function R“P(«, as) is the logarithm of a rational
function. However, it can be solved optimally by utilizing the
following property.

Proposition 1: Given the target rate constraint R°“™(q,
as) = R, R*"(«a, as) is monotonically increasing over .
Thus, the optimization problem (52) is equivalent to max-
imizing «, under the same constraints. Define Ry, =
RIY™(P, 0wy Praz) as the threshold rate. The solution of
equivalent problem is equal to agpt = P, When R. < Ry,
and otherwise is P! = P, 4.

Proof: See Appendix A. |

We exploit Proposition 1 to develop Algorithm 1, which
deploys the bisection method to optimally solve (52).

VI. SIMULATION RESULTS

Here, the derived uplink and downlink expressions are veri-
fied with simulation results. Moreover, GFDM full-duplex and
OFDM are both evaluated and compared in the presence of
phase noise, CFO and IQ imbalance. We emphasize that our
derivations make no restrictive assumptions on 3-dB phase noise
bandwidth, normalized CFO, IRR, GFDM parameters and the
channel delay profile. In other words, the derived results are valid
for arbitrary scenarios. However, we now assume the following
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specific parameter values. For both GFDM and OFDM, the
cyclic prefix is equal to the length of the channel, and the number
of subcarriers is 32. Additionally, GFDM uses M =5 time
slots and a root raised-cosine filter with the roll-off factor 0.1.
Sampling frequency is equal to 15.36 MHz [24]. Each wireless
channel has five (L = 5) independent Rayleigh fading taps. The
power delay profile of SI channel in [24] is utilized which is
—30dB, —65 dB, —70 dB and —75 dB for delays of 0, 1, 2 and
4 samples. Note that 30 dB antenna separation results in —30 dB
attenuation of the main tap. Without loss of generality, we
assume that ST channel hgy[n] is 10 dB stronger than interference
channel between two users h3[n]. The multipath downlink chan-
nel between base-station transmitter and U; has power profile
of [—30, —55, —60, —65, —70] dBs. Moreover, we assume that
downlink channel hi[n] is 20 dB stronger than uplink h;[n]
channel. The same IQ imbalance level, IRR7, = IRRg,, is
considered for both transmitter and receiver. We assume 30 dB
and 50 dB analog and digital SI cancellations, respectively.
Therefore, effective channel estimation error variance is equal
to 80 dB. Furthermore, the noise variance is —60 dB, and the
maximum allowable power is —10 dB. The theoretical results
are shown with dash lines.

A. Conventional Receive Filters

Conventional matched filter and zero forcing are two widely
used GFDM receiver structures. They have some implementa-
tion advantages, but their performance falls short of that of the
optimal receive filters. Therefore, it is important to compare
them against the derived optimal filters (43) and (49). One
frame of GFDM signal in (1) can be written as & = y/adA,
where d € C'*MK js the data vector and A € CMEXME jq 5
modulation matrix given by [Al} /.., = gm[n]e/>™" % . Ac-
cordingly, the receiver matrix for matched filter and zero forcing
receivers are written as A* and A~!, respectively. Furthermore,
matched filter and zero forcing receiver filters, f(%F € CMKx]
and fJ" € CM5*!, are equal to first column of the receiver

matrix A and A, respectively.

B. Full-Duplex OFDM Results

GFDM is a general form of OFDM. Thus, in the signal model
(1), by setting number of time-slots is equal to one, M = 1, and
prototype filter g[n] is equal to rectangular pulse shape, we get

Normalized CFO, e

(b)

| | |
038 1 0 1 2 3 4 5
IRR (dB)

©)

I
0.6

Average residual SI power versus 3-dB phase noise bandwidth, normalized CFO and IRR.

OFDM. Therefore, all the derived expressions can also be used
for full-duplex OFDM.

C. SI Signal Power

We next verify our residual SI power analysis (20) by simula-
tion results. Moreover, the comparative OFDM results are also
shown. GFDM with zero-forcing receiver (legend GFDM-ZF)
with o = 0 dB is assumed.

In Fig. 2, average residual SI is plotted versus the 3-dB
phase noise bandwidth, normalized CFO and IQ imbalance
for GFDM-ZF. Solid and dashed lines represent GFDM and
OFDM, respectively. There are five markers per each line. These
represent the simulated points. For clarity, more simulation
points are not shown. We consider GFDM with analog linear
cancellation (legend GFDM-ALC) in (16) and (18). Moreover,
we consider GFDM with both digital linear cancellation and
complementary digital linear cancellation (legends GFDM-DLC
and GFDM-C-DLC) in (17) and (19).

Firstof all, the simulation results fully match the derived resid-
ual SI power. This match points to an independent verification
of the validity of our derivations.

This figure also alludes to how the three cancellation tech-
niques will be affected the RF impairments. We observe that
C-DLC is slightly more effective than DLC. The former em-
ploys conjugate residual SI cancellation, which improves the
performance significantly. We also note that ALC achieves the
worst performance among the three techniques.

In Fig. 2a, for fixed values of CFO € = 0.1 and 2.5 dB IQ
imbalance, residual SI is plotted as a function of phase noise
(. This figure depicts the effects of phase noise on the perfor-
mance of the three SI cancellation techniques. For instance, the
performance of ALC is not sensitive to a phase noise increase.
However, the situation is different for both DLC and C-DLC. For
therange 1 < 8 < 10%, both remain roughly constant regardless
of 5, but their performance degrades beyond that. However, this
limit is less than that of ALC.

In Fig. 2b, we set phase noise at 10 Hz and IQ imbalance
at 2.5 dB and change CFO e. This figure depicts the effects
of CFO on the performance of the SI cancellation techniques.
With increasing e, the residual SI power after either DLC or
C-DLC increases and approaches that after ALC. According to
(16)—(19), 3-dB phase noise bandwidth, /3, and normalized CFO,
€, appear in the exponential terms, and the trends in Fig. 2a
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Fig. 3. Uplink SIR versus 3-dB phase noise bandwidth, normalized CFO and IRR.

and Fig. 2b for higher values of 5 and e can be due to these
exponential terms.

Fig. 2c shows that residual SI increases with increasing 1Q
imbalance. In this figure, 5 = 10 Hz and € = 0.1 are fixed and
IRR is changed. This figure depicts the effects of IQ imbalance
on the performance of the SI cancellation techniques. Clearly,
all of them rapidly degrade with the increasing 1Q imbalance.
Finally, OFDM achieves lower residual SI than GFDM does.
The reason may be that non-orthogonal subcarriers of GFDM
leads to more interference.

D. Uplink and Downlink SIR

We next verify the uplink and downlink SIR expressions (37)
and (44) via simulations. Moreover, we compare GFDM with the
optimal SIR-maximizing receiver filter (legend GFDM-optimal)
with GFDM with matched filter receiver (legend GFDM-MF)
and GFDM-ZF. We derive the optimal filter for the parameter
values § = 50 Hz, ¢ = 0.2, and IRR = —37.5 dB, and use this
derived filter for all other parameter values. The average transmit
powers in uplink and downlink are assumed equal, i.e., @ = .

Fig. 3 plots the uplink SIR as a function of 3-dB phase noise
bandwidth, normalized CFO and IRR. GFDM-MF, GFDM-ZF,
GFDM with optimal receiver filters and OFDM are compared.
Solid and dashed lines represent GFDM and OFDM, respec-
tively. There are four or five marker points per each line. These
represent the simulated points. For clarity, more simulation
points are not shown.

In all of the three sub figures, theoretical uplink SIR (37) and
numerical simulation result match perfectly, a verification of our
derivations.

Fig. 3a illustrates SIR versus phase noise () for a 20% CFO
and —37.5 dB IQ imbalance. Obviously, the GFDM-optimal
curve degrades the most with increasing phase noise 3. We
also see that GFDM-optimal always achieve higher SIR than
the others, e.g., for a 10 Hz phase noise, 25 dB higher SIR
than full-duplex OFDM. A surprising observation is that OFDM
achieves higher SIR GFDM-MF and GFDM-ZF. The reason is
that GFDM uses non-orthogonal subcarriers, which generate
some mutual interference, which will penalize the SIR measure.
Clearly, ZF and MF strategies are not sufficient to mitigate this

effect. This however can be reversed by the use of optimal
receiver filters.

In Fig. 3b, the SIR is plotted as a function of CFO for a 50 Hz
phase noise and -37.5 dB IQ imbalance. GFDM-ZF, GFDM-MF
and OFDM reduce SIR for large CFOs. However, these methods
are outperformed by the optimal-filter based GFDM, e.g., for
CFO e = 0.2, itachieves 20 dB more SIR than OFDM. Although
the optimal filter and GFDM achieves lower SIR than OFDM
for small CFO, e.g. ¢ = 0.1, since this fitter was optimized for
€ = 0.2. However, the receiver filter can be optimized for lower
CFO to improve the SIR.

Fig. 3c represents the SIR versus IQ imbalance (measured by
IRR) for fixed phase noise (3 = 50 Hz) and CFO (¢ = 0.2).Inall
cases, increasing IQ imbalance degrades the SIR. Furthermore,
GFDM-optimal outperforms OFDM, e.g., 17 dB gain is possible
at —30 dB IQ imbalance.

Fig. 4 plots the downlink SIR as a function of 3-dB phase noise
bandwidth, normalized CFO and IRR. GFDM-MF, GFDM-ZF,
GFDM with optimal receiver filters and OFDM are compared.
Solid and dashed lines represent GFDM and OFDM, respec-
tively. There are four or five marker points per each line. These
represent the simulated points. For clarity, more simulation
points are not shown.

This figure shows a perfect match between theoretical (44)
and simulations results. In all cases, OFDM achieves higher SIR
than GFDM-MF and GFDM-ZF. Fig. 4a shows SIR versus phase
noise (3 for CFO (e = 0.2) and IQ imbalance (IRR = —37.5dB).
Increasing phase noise () decreases SIR in all cases. However,
the solution is to use optimal filter based GFDM, which out-
performs the others and significantly increase the SIR, e.g., for
B = 10 Hz, it achieves an SIR 4 dB higher than OFDM.

Fig. 4billustrates the SIR as a function of normalized CFO for
phase noise (5 = 50 Hz) and 1Q imbalance (IRR = —37.5 dB).
For GFDM-MF and GFDM-ZF and OFDM, increasing CFO
(e) directly amounts to the decrease of SIR. However, similar
to Fig. 4a, GFDM-optimal alleviates this problem and achieves
higher SIR than others, e.g. for e = 0.2, it achieves 4 dB more
than OFDM. Similar to Fig. 3, by adjusting optimized point over
the range of small CFO, the SIR can be improved.

In Fig. 4c, the SIR is plotted versus IQ imbalance measured
by IRR for phase noise (5 = 50 Hz) and CFO (e = 0.2). In all
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Fig. 5.

cases, more IQ imbalance (higher values of the IRR) degrades
the SIR. However, this problem can be mitigated by the use of
the optimal filters, which achieves higher SIR than OFDM. For
example, for a —30 dB IQ imbalance, GFDM-optimal achieves
4 dB more in SIR than OFDM.

The main lesson of Figs. 3 and 4 is that RF impairments
degrade the performance of GFDM-MF and GFDM-ZF much
more than that of OFDM. This makes sense since GFDM relies
on non-orthogonal waveforms. Fortunately, this problem can be
rectified with use of the proposed GFDM optimal receiver filters
in both uplink and downlink. Indeed, in uplink, the optimal filter
reduces the influence of residual SI power and self-interference
caused by RF impairments. Moreover, in downlink, since no
SI cancellation is employed, receiver filter design can be used
to suppress the uplink-user interference and achieve higher
SIR.

E. Achievable Rate Region

Fig. 5 shows the rate regions parameterized by phase noise
bandwidth, normalized CFO and IQ imbalance. The solid lines
and dashed lines represent GFDM and OFDM. This figure
includes analytical results only, no simulations. “G” and “O”
stands for GFDM and OFDM. Since we found earlier that
OFDM outperforms GFDM with ZF and MF filters, only GFDM
with optimal uplink and downlink filters (43) and (49) is com-
pared with OFDM.

Rate regions parameterized by 3-dB phase noise bandwidth, normalized CFO and IRR.

In Fig. 5a, the rate region is evaluated for CFO (¢ = 0.2)
and IQ imbalance (—37.5 dB) and for phase noise values 5 =
10°, 10* Hz. Obviously, higher phase noise results in lower max-
imum uplink rate. Moreover, GFDM-Optimal achieves higher
uplink rate than OFDM, e.g., for downlink rate of 1.5 bps/Hz and
1 Hz phase noise, the uplink rate increases 500% over OFDM.

In Fig. 5b, the rate region is evaluated for fixed phase noise
(50 Hz) and IQ imbalance (—37.5 dB) and two values of CFO
e = 0.2,0.3. Clearly, increasing CFO € decreases the uplink rate,
but this trend can be countered by our optimal filter. For example,
with R. = 1.5 bps/Hz and ¢ = 0.2, the optimal filter based
GFDM achieves an uplink rate 300% more than OFDM. Finally,
Fig. 5c considers phase noise (8 = 50 Hz) and CFO (e = 0.2)
and IRR = —30,—10 dB. Similar to the two other cases, the
maximum uplink rate decreases with more 1Q imbalance, and
the optimal filters provide higher rates, e.g., R. = 1.5 bps/Hz
and IRR = —30 dB, achievable uplink rate for the optimal filter
is five times greater than OFDM. All of these results indicate
the benefits of the optimal receiver filter.

VII. CONCLUSION

This paper investigated a GFDM full-duplex transceiver in the
presence of three common RF impairments — phase noise, CFO
and IQ imbalance. The purpose of the investigation is to provide
a comprehensive and comparative evaluation of GFDM, a po-
tential alternative to OFDM in future communication standards.
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To this end, we considered a simple network of a full-duplex
base-station and half-duplex uplink and downlink users. This
network helps to delineate the interplay among the various
forms of interference signals and to determine their overall
impact. In the uplink, we investigated both analog and digital
SI cancellations and derived residual SI and desired signal pow-
ers in closed-form. For the downlink, we derived both desired
signal and co-channel interference powers. For both uplink and
downlink, the SIR, receiver filters for maximizing the SIR, the
rates, and the closed-form optimized rate region were derived. A
computational algorithm for the rate region was developed. We
presented simulation results to verify the analytical derivations.
Our results cast light on the impact of the RF impairments
on the performance of the SI cancellation methods. Analog
linear cancellation is less sensitive to these impairments, but
digital linear cancellation and complimentary digital linear can-
cellation can be highly sensitive. GFDM then performs worse
than OFDM. The reason is that GFDM uses non-orthogonal
sub-carriers, and their interaction with RF impairments ends up
generating more interference. However, the good news is that
GFDM has built-in degrees-of-freedom due to the transmit and
receive side filters. They can be optimized to mitigate the effects
of RF impairments. For example, GFDM with optimal filters
readily outperforms GFDM-MF or OFDM-ZF in terms of SIR
and rates. Furthermore, while OFDM outperforms GFDM in
terms of rate and SIR in some scenarios, the optimal filter based
GFDM sometimes provides 500% more rate than OFDM.
While this paper investigated the three most common RF
impairments, this area is a fertile rich ground for many important
research problems. We mention a few here. First, amplifier
non-linearity strongly affects the SI cancellation methods and
increases residual SI power, which could thus be investigated.
Second, favorable spectral properties of GFDM can be exploited
for cognitive radio networks where interference has to be man-
aged and controlled. Thus, GFDM full-duplex radios and RF
impairments could be investigated for cognitive radio networks.
Third, this work was limited to a single cell system. However,
practical cellular networks consist of multiple cells and are
subject to both inter-cell and intra-cell interference signals. It
is imperative to investigate how the multi-cell interference will
affect the performance of GFDM full-duplex base-stations.

APPENDIX A
PROOF OF PROPOSITION 1

Let us define implicit function F(a, o) = R¥*" (v, arg) —
R. = 0 which maps « onto «, implicitly. The derivation of
R"P(av, a) with respect to ais can be written as

dR"(a,as)  OR"™ (o, o)
daog - Oag
OR"(a,as)  da dF(a,aq)
T 90 dF(may)  das )

From algebratic fractions in (51), it can be readily proved that
R"P(av, o) is monotonically increasing over a; and monoton-
ically decreasing over , while R%°""(«, a5) is monotonically
increasing over v and monotonically decreasing over a,. By

exploiting these properties, we can show that %

F . .. . UP (¢, a2 s
dF(e.as) are positive, while OR"(2,0) zpq dE(eyas)
do O dog

tive. Thus, % is positive and R"?(«v, ais) is monotoni-
cally increasing over o, which transforms the objective function
of optimization problem (52) R“P (v, i) to avs.

According to behavior of R%""(a,a,) over a and ag,
if R%"(a, a5) = Ry < Ryp = R¥V™ (Prax, Prmax)» it is te-
quired to a < Ppax or ag > Phax. Thus, in this case, the
solution is agpt = Prax and aP! < P, .x. Otherwise, when
Rd"“’”(a,as) = R. > Ry, %Pt is derived by considering
P! = Py.. The proof of Proposition I is completed.

and

s

are nega-
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