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ABSTRACT We investigate the problem of sum-rate maximization of a secondary link of full-duplex
generalized frequency division multiplexing (GFDM) radios operating over a spectrum hole, which is
surrounded by two active primary adjacent channels. Thus, the secondary transmissions must be below an
adjacent channel interference (ACI) threshold. In-band distortions and several interference terms are also
caused by phase noise, in-phase (I) and quadrature (Q) imbalance, carrier frequency offset (CFO) and the
nonlinear power amplifier (PA). Analog domain and digital domain self-interference (SI) cancellation is
also considered. We study the two cases of two independent oscillators for local transmitter and receiver
and one common shared oscillator. We derive the powers of residual SI, desired signal, interference
signal and noise, signal-to-interference-plus noise ratio (SINR) and the power spectral density (PSD) of
the transmit signal. By using successive convex approximations, we solve the sum-rate maximization
problem. Finally, we show that in full-duplex radios under certain RF impairments, GFDM may double
the sum rate compared to that of orthogonal frequency division multiplexing (OFDM).

INDEX TERMS Full-duplex radios, generalized frequency division multiplexing (GFDM), cognitive radio,

(Fellow, IEEE)

spectrum hole, radio frequency (RF) impairments, rate optimization.

. INTRODUCTION

HE CRITICAL targets of fifth generation (5G) wire-

less networks include 1000 times increase in the data
rate, below 100 ms latency, 50% network cost reduction, and
95% availability in bad coverage locations [1], [2]. However,
5G faces the challenge of spectrum crunch because much
of the sub-6 GHz spectrum is more or less fully assigned
to existing services and applications. Moreover, new wire-
less applications and services are massive bandwidth users.
Thus, to overcome the spectrum crunch, spectral efficiency
gains are essential. It is widely agreed that 5G wireless
networks require 10 times spectral efficiency of current
4G systems [3]. Thus, several key technologies are being
considered.

1) Spectral efficiency can be potentially doubled with
the use of full-duplex radios with simultaneous trans-
mission and reception on the same frequency band.
Thus, they can potentially double the network capac-
ity, reduce network delay, and improve network
secrecy [4], [5]. However, these potential gains may
not be fully realized because full-duplex radios are

2)

3)

limited by self-interference (SI), which can be as
high as 100 dB above the noise floor of the local
receiver [6], [7].

Spectral efficiency may also be improved by replacing
orthogonal frequency division multiplexing (OFDM),
which is the basis for the fourth generation long term
evolution (4G-LTE) standard. However, OFDM maybe
susceptible to several issues including excessive sig-
nal peaks [8], [9]. Thus, generalized frequency division
multiplexing (GFDM) has emerged as a potential com-
petitor of OFDM. GFDM is a flexible non-orthogonal
multi-carrier waveform which includes number of sub-
carriers, each one carries subsymbols generated in
multiple time slots. GFDM has the advantages of low
out-of-band emissions, high spectral efficiency and low
latency [10], [11] and multiple applications [12]-[16].
Thus, GFDM-based full-duplex radio transceivers may
help to achieve the aforementioned 5G performance
targets.

Another path for spectral efficiency gains is the use of
cognitive radio networks to more efficiently utilize the
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spectrum. Moreover, cognitive full-duplex radios can
enhance spectrum sensing, reduce latency, minimize
data loss and improve spectrum utilization [17]. While
there are several cognitive radio modes, the simplest
option is to allow secondary users (SUs) to access
a spectrum hole [18]. A spectrum hole is an unused
frequency band at a specific time or location in which
primary users (PUs) are not transmitting [19].

In this work, we integrate the above three technologies;
namely full-duplex GFDM transceivers operating over a
spectrum hole. The spectrum hole is however considered to
be in a highly congested spectral region. Thus, it lies between
two active primary channels. This means that if SUs commu-
nicate in it, they have to respect adjacent channel interference
constraints. We feel that this scenario offers a realistic model
in the face of high capacity networks. Moreover, as men-
tioned before, although full-duplex may double the spectral
efficiency in principle, SI can diminish much of the gains.
For this reason, SI cancellation algorithms for full-duplex
radios have been intensively researched [20]. Nevertheless,
the performance of such algorithms degrades due to the radio
frequency (RF) impairments — namely phase noise, in-phase
(D and quadrature phase (Q) imbalance, carrier frequency
offset (CFO), and power amplifier (PA) non-linearity.

Therefore, our main goal is to quantify and analyze the
effects of these impairments on the considered system.
A further motivating factor is that these are the most
significant impairments due to common hardware imperfec-
tions and hence their effects have been widely investigated.
For instance, the impact of phase noise [21], [22], IQ
imbalance [23], [24], CFO [25], and nonlinear PA [26],
[27] on full-duplex OFDM transceivers have been studied.
Thus, phase noise can cause 15 dB residual SI above the
noise floor [28] and can increase SI power in full-duplex
radios [21], [24]. Moreover, the IQ imbalance generates an
interference image signal roughly 25 dB below the desired
signal [27], which degrades the spectrum sensing capabil-
ity of cognitive full-duplex networks [29]. The CFO results
in inter-carrier interference [25]. The collective impact of a
nonlinear PA and an IQ imbalance is investigated in [26].
For a half-duplex OFDM cognitive network in the presence
of RF impairments, optimal power allocation has been stud-
ied in [30]. The impact of RF impairments on half-duplex
GFDM systems has also been studied [31]-[33]. All in all,
these previous studies clearly show that the RF imperfections
significantly degrade the performance of the SI cancellation
techniques by introducing in-band and out-of-band distor-
tions and interference terms. In this paper, we add a new
wrinkle by considering the ACI constraints, which are critical
in cognitive networks [34].

A. PROBLEM TACKLED IN THIS WORK

We now describe it in detail. The spectrum hole [f>, f3] and
the upper band [f3, f4] and lower band [f, f>] adjacent to it
are shown in Fig. 1. These two bands contain two active
PUs. The spectrum hole (Fig. 2) is accessed by two nodes,
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FIGURE 1. Spectrum hole and two adjacent bands.
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FIGURE 2. The full-duplex cognitive radio link.

say, SU; and SU; (full-duplex transceivers). The full-duplex
link between these two nodes is the secondary link under
consideration. According to cognitive radio principles, the
operation of secondary links must be controlled to mini-
mize any potential harm on primary users. Therefore, in our
system model, the ACI levels must be below an interference
threshold.

In this network, the performance of the secondary link
depends on the RF impairments, which in turn result in in-
band distortion, self-interference, noise and ACI. Although
ACI can be controlled with the use of GFDM, which uses
non-orthogonal sub-carriers to reduce out-of-band emissions,
the drawback is the in-band distortion. If SU; and SU,
increase their transmit powers, then the ACI constraints could
be violated. In sum, the secondary link rate depends on many
tightly coupled, conflicting factors. Is it better to use GFDM
than OFDM? To answer these questions, we should model
the system in detail. Practical RF impairments and active
SI cancellation in both analog and digital domain for full-
duplex transceivers should be considered. Furthermore, this
exact system model but for the half-duplex GFDM was stud-
ied in [19], [35]. These works developed an optimal power
allocation for maximizing the secondary sum rate.

Furthermore, to the best of our knowledge, the GFDM full-
duplex link over a spectrum hole has not been investigated
by considering active analog and digital SI cancellations,
phase noise, IQ imbalance, CFO and nonlinear PA.

B. WORK CONTRIBUTIONS

In this paper, we study the GFDM-based full-duplex link over
a spectrum hole with two neighboring active PUs (Fig. 2).
Both active analog and digital cancellations and phase noise,
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IQ imbalance, CFO, and nonlinear PA are considered. Two
configurations are addressed for transmitter and receiver
oscillators in a full-duplex node: 1) two separate oscilla-
tors, and 2) one common oscillator. Desired, interference
and SI channels are modeled as frequency selective, a natural
assumption for high data rate systems. Our main goals are to
analyze the effects of RF impairments and also to maximize
the sum rate of SU link under the ACI constraints on the
two PU channels.
This paper makes the following contributions:

o We establish a system model in which GFDM-based
full-duplex secondary link operates in a spectrum
hole whose lower and upper adjacent bands are
active PUs. We theoretically model GFDM full-duplex
transceivers in details based on well-known GFDM
modulator/demodulator, existing SI cancellation meth-
ods and practical RF impairments models. Active analog
and digital cancellation techniques and RF impairments
including phase noise, IQ imbalance, CFO, and nonlin-
ear PA are addressed. Note that in [36], we considered
two independent oscillators for local transmitter and
receiver. In contrast, in this paper, we analyze the system
with one common shared oscillator, as well. Moreover,
a third-order nonlinear PA is assumed.

o Powers of residual SI, desired signal and noise
are derived in closed form. Moreover, signal-
to-interference-plus noise ratio (SINR) is derived.
Furthermore, we derive the power spectral density
(PSD) of the transmit signal and use it to quantify the
adjacent channel interference (ACI) on the PU channels.
None of these expressions have been derived before.

o The sum rate of the SU link is maximized under the
constraints of maximum tolerable interference power
on PU bands. Since this problem is non-convex, suc-
cessive convex approximations is deployed to convert
the problem to standard geometric programming (GP).
Note that deriving the sum rate and solving the power
allocation problem have not done before.

o The resulting problem is solved via common CVX
tool [37]. All the theoretical derivations are verified
with simulation results. To determine the performance
gains of full-duplex GFDM, we present full-duplex
OFDM results. Note that even for full-duplex OFDM,
the interweave cognitive network (Fig. 2) has not been
investigated previously.

In a related work [38], we modeled and analyzed the
GFDM-modulated full-duplex link operating in a spectrum
hole. We considered phase noise, 1Q imbalance, and CFO.
Furthermore, optimal power for maximizing sum rate of SU
link under the constraints of maximum tolerable interference
power on PU bands was derived. In this current paper,
we greatly extend [38] and consider the impact of the
nonlinear power amplifier. This impact generates several in-
band and out-of-band interference terms and the structure of
digital-domain SI cancellation becomes more complicated.
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Moreover, this work studies the in-band interference terms
and spectral regrowth caused by nonlinear PA.

On the other hand, for full-duplex GFDM, digital SI can-
cellation is investigated in [39] and SI power is derived.
In [36], [40], we model and analyze the full-duplex GFDM
transceiver in presence of phase noise, 1Q imbalance and
CFO by considering both analog and digital cancellations
and propose receiver filter to maximize the desired signal-
to-interference ratio. Note that two independent oscillators
for local transmitter and receiver of full-duplex node was
considered.

This paper is organized as follows. Section II presents the
system model. Section III analyzes the powers of various
signal components and derives the SINR. Section IV derives
the PSD of the transmitted signal and formulates the ACIs
on lower and upper PUs. Section V develops an algorithm to
compute the maximum sum rate of the SU link. Simulation
and numerical results in Section VI verify the accuracy of
the derived results. Moreover, the maximized sum rate is
illustrated for different setups. Finally, concluding remarks
are provided in Section VII.

Il. SYSTEM MODEL

The full-duplex cognitive radio link in Fig. 2 uses GFDM
and has two full-duplex nodes (as SU; and SU;) in the
presence of phase noise, IQ imbalance, CFO and nonlinear
PA. As mentioned before, the effects of the transmissions
of SU; and SU, must not exceed the ACI thresholds. We
assume that negligible interference on SU; and SU, from
PU transmissions (if any).

The channel coefficient SU; to SU; is hy, i,j € {1, 2}
and i # j. The channel coefficient h;;, i € {1, 2} represents
the SI channel at SU;. Furthermore, A;; and h,;, i € {1,2},
represent the channels between SU; and lower and upper
active PUs, respectively.

Without loss of generality, we take SU; to analyze the
signal model and SI cancellation process in detail. Thus,
SU, transmits the data of M time slots with K subcar-
riers, and the discrete GFDM signal per frame may be
expressed as

K—1M-1 i
xilnl=ypr Yy Y & uemlnle € (1)
k=0 m=0
where 0 < n < MK — 1, p; is the average transmit power,
d,i‘m, k=1,2,...,Kand m=1,2,..., M are independent
and identically distributed (i.i.d.) complex data symbols with
zero mean and unit variance and g,,[n] = g[n — mK]yg is a
circularly shifted version of normalized prototype filter g[n]
(Zf;"':’(o*1 |g[n]|2 = 1). After digital to analog converter, the
analog GFDM baseband signal xj(f) goes through the 1Q
mixer, which has certain non-zero IQ imbalance. Thus, the
IQ and phase noise impaired signal may be written as [26]

VY1) = (greaxs (1) + gresxh () e?re1® )

where (.)* indicates complex conjugate, g7y 4 and gry s are
the transmitter IQ mixer responses for the direct and image
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signals, respectively, and ¢r, 1(f) is random phase noise of
the local oscillator of the SU; local transmitter. Image rejec-
tion ratio (IRR) is considered for quantifying the quality of

2
the IQ mixer which is defined as IRRy, = %

We consider the PA response is modeled be’a third-order
Hammerstein nonlinearity [27] as

Y1) = ary'2() + asy'C () |y L0 ? 3)

where a1 and a3 are linear and third-order gains. Moreover,
yiQ(t)|y€Q(t)|2 can be approximated by (g7y.axpa1(?) +
8Tx1Xpy | (0?71 O [27], where xpa1(1) = x1(D)lx1(D)]*.
Note that Hammerstein model is widely used in literature
for characterizing a nonlinear PA [26], [27], [30], [41].
Moreover, a third order polynomial is considered since it
is the strongest nonlinearity and model the behaviour of
nonlinear PA precisely [30]. However, other PA setups, e.g.,
generic baseband model [42], can be considered for com-
parison which we leave this for future works. The central
limit theorem tells us that, when MK — oo, the GFDM
signal sample Gaussian distributed [35]. Thus, following the
Bussgang theorem [30], [35], the output of the Hammerstein
nonlinear PA can be written as summation of a linear scaling
of the input signal and nonlinear distortion noise.

The output signal yj (¢) is transmitted to SU, through wire-
less channel h1>(f) and a part of it leaks to the SU; local
receiver through the SI channel hp(#). Thus, the received
signal at the local receiver of SUj, including the SI signal
and the signal-of-interest from SU», is given by

r1(t) = y2(t) * ho1 () + y1(8) * h11(£) +n1 (0 “4)

where * denotes the convolution, y;(¢) is the desired trans-
mitted signal from SU,, and n;(¢) is a circular symmetric
complex Gaussian noise with zero mean and variance o?.
By assuming IQ mixer responses of SU, same as SUj, y»(¢)

may be written as

y2(t) = a1y 2 () + asy L 01y ()2 (5)
where ng(t) is equal to
Y2 (1) = (greaxa(t) + gre 15 (1)) P20 (6)

where ¢rx2(f) is random phase noise of the local oscillator
of the SU; local transmitter and x;(¢) is the analog GFDM
baseband signal similar to (1) with the average transmit
power p> and i.i.d input symbols of d,%ym.

At the first stage of SU; local receiver, active analog
cancellation is employed to suppress the strong SI signal
by subtracting the analog reconstruction signal. Thus, the
resulting signal may be written in general form as

Fi(t) = y2(0) * ho1 () + y1 () % i () + ni (1) (7

where hy () = h11(t) —harc(2) is the residual SI channel and
harc(t) is estimate of the SI channel [27]. Note that analog
SI cancellation typically achieves 30 dB attenuation [21].
Following the active analog cancellation, attenuated received
signal 71 () goes through the receiver IQ mixer. By taking
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into account the IQ imbalance and CFO between the local
oscillators of the transmitter and receiver of SUj, the output
signal may be expressed as

r10.1(0) = gryai1 (e RNV PTA! 4 gpy 7 (1)l O
x e 2mAst 8)

where gry 4 and ggy 1 are the receiver IQ mixer responses for
the direct and image signals. ¢gy,1(f) is random phase noise
of the local oscillator of SU; local receiver and Ay indicates
the difference between carrier frequency of the receiver and
transmitter local oscillators. Notice that oscillator of SU;
receiver and SU, transmitter are independent of each other.
However, in this paper, we consider two different scenarios
for oscillators of SU; transmitter and receiver: 1) two sep-
arate oscillators where ¢ry 1(f) and ¢gy 1(¢) are statistically
independent random processes and 2) single shared oscillator
where ¢ry,1(2) = ¢ry,1(2).

Following the IQ mixer, the baseband analog signal
rip,1(t) is then converted to discrete samples. We model
hyi[n] and hi[n] by multipath fading channels with L;
and L paths (hy[n] = Zlelz_ol ho1,1,8[n — 1] and hy[n] =
ZZL;:_O] h1.1,8[n—12]), respectively. The sampled is expressed
as

Li—1

righnl = Y ar (K [n, ol — 4] + W [n, 1131 = 111)
=0

a3 (b, L b 2l = 1]+ W [, 1y ol — 1])
L1

+ > @ (M bkl = b1+ W in, L1 n — 1)
=0

+ a3 (M, Bpaaln = ]+ W1, Ly 11 = 1)

+ nf[n] + nf[n] )

where equivalent desired and residual SI channels responses
and equivalent noise components for the individual signal
components can be written as

; 71— J2men
By [n, 1] = grv.dgredhar @ (P20 drx1ln]) o

. 11 —j2men
4 g;ﬁ‘x,lgRXJh;l,l]e j(¢rx,2ln—11] ¢RX,1[”])67K

. j2men
W\ 1n, 1] = gv.18Rv.aha1.p, & $Tealn=hl=drualn) 1

+ ghy ggRethl, ) eI OTRaln—hl=drxln]) ,ZFE
s ’ it

. j2wen
W n, ] = grv.agredhi 1,/ Pn—b1=drclnl) 5=

+ g;x,Ing,lhT,lzeij(q}Tx' 1[n—b1—¢rx,1[n1) ew

(¢1x,1In—D]—drx 1[n]) eﬂi[‘r{en

h?[n, b] = g1v.18Rv.ah1.1n€

+ g*}x’ngx,]hT’lze_j((PTx’l[n_IZ]_¢RX’1[nI)€#
. j2men
nk[n] = greae 71K ny ]
. —j2men
n2[n] = gre 1€ e K 0] (10)

where e represents the CFO which is normalized by sub-
carrier spacing (labeled as normalized CFO). Obviously, the
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digital baseband signal (9) contains not only linear com-
ponents but also its complex conjugate. Then, the resulted
samples are sent to GFDM demodulator which the transmit-
ted symbol from SU, at k’-th subcarrier and m'-th time-slot
is detected by

MK—1

—j2nk'n
& =Y (riglnDfwlnle™
n=0
=RY,, +RL, +wil +wilS A

where f [n] = fln— m'Klyx is circularly shifted ver-
sion of receiver filter impulse response f[n]. Moreover,
Ri,l ;= R2] l, +R2] 9 +Ri,1 Al +ka1 ’rff"Q is a correspond-
ing term of the recelved s1gnal from SU, transmitter after

GFDM demodulation, where Ri,l " Rz,] Q,, R,%,l At Ri,l .0
are intended signal components in (9) apphed to GFDM

1,PA,I
demodulator. Furthermore, Rk,,m, = Rk,’m, +R ,—I—Rk, D+
RLPA.Q

Wom is a corresponding term of the re51dual SI sig-
nal from SU, receiver after GFDM demodulation, where
Rl,[ R:Y R1 PA ! R1 PA.Q residual SI signal components

k/ m/’ k/ m/
in (9) applied to GFDM demodulator. Finally, wk, 1, and
eq.Q
Wi 2T€ corresponding linear and conjugate equivalent

noise terms. The samples (9) go into the GFDM demodulator.

At the output the GFDM demodulator, active digital can-
cellation is applied by deploying the replica of transmitted
symbols and their conjugate, d, o and d*} w.n» and estima-
tion of the linear equivalent residual SI channel and conjugate
equivalent residual SI channel, hIl [n, [r] and hl [n, I2] [36].
The output of active digital cancellation may thus be
expressed as

P =dp A A wi e (12)
where d2 = R21 af2 " is interference of SU,,
dRSI1 = R] w RDLCI RDLC/Q is residual SI of SUj,

and dk, w18 the desned symbol which is extracted from

Ri,{m, as
Li—1MK—1
i = P2y D D (a1 + 2Kazpayln — ]
;=0 n=0
/ —j2rk'ly
X hyy[n, L lfye [n)gm[n — Li]le™ & (13)
where y[n] = Y_p 25 lgmln .
Proof: See Appendix A. |
Moreover, Rf,LC,’I nd RDLC Q are linear and con-
jugate active digital cancellatlon symbols, which are
generated by
Ly—1 MK—1
RO = pidy e > Y Min. bl
h=0 n=0
x (a1 +2Kazpry[n — 12])
ﬁznk’zz
X fu[nlgm [n — o]e (14)

Ly—1 MK—1
RGO = pid*p Y. D In. )
L=0 n=0
x (a1 + 2Kazpiy[n — b))
" —j2mk (2n—1lp)
X fwlnlgyn—hle” ¥
Proof: See Appendix B. |

In (12), non-orthogonal subcarriers of GFDM and resid-
ual SI signal due to RF impairments cause inter carrier
interference and inter symbol interference.

lll. POWER ANALYSIS AND SINR DERIVATION

Here, the SINR of the desired signal transmitted from SU»
to SU; given the RF impairments is analyzed. For this goal,
we extract the power levels of different components in (12)
including the desired signal, interference signal, residual
SI signal and thermal noise. Note that two distinct oscil-
lator configurations for local transmitter and receiver of
SU; are studied in detail, namely 1) two separate oscil-
lators and 2) single shared oscillator. As a starting point, we
deploy standard models to characterize the phase noise and
multipath channels. Thus, the free-running oscillator model
with Brownian motion [31] is used to generate phase noise
[¢[n + 1] — ¢p[n]] ~ N (0, 47BT,), where ¢[n] is Brownian
motion with 3-dB bandwidth of B and the autocorrelation
of ¢[n] is

E[ei¢[n1]e—j¢[nz]] — o 2lm—m|mpT, (15)

where E[.] indicates the statistical expectation operator.
Furthermore, we assume that all the channels (h;, hii, hy;
and h,;) are wide-sense stationary uncorrelated scattering
processes. Each is a mutually independent set of multipath
components.

A. POWER OF THE DESIRED SYMBOL
Let Elh1,] = 0 and Ellh211, |l = 03, ,, h =0,....L

The power of the desired symbol d%* - derived in (13), is

2 251 2s2 2&3
2|71 =021

. 2, 2,
glVen by pk/sm = EHd § m +P2 k/ /+P2 k/ m’
L are derived as

7250 7252 and T2

Li—1 MK—1MK—1

= la? Z Z Z 031 1w [ 1f [np]e™4Im—r2lmhTs

=0 VL]—O nz—O

2sl

27 (ny—np)e

2 2
X (Igzx,ngX,dl e K + lg7x,18Rx,11

—j2m(ny—np)e
xe K )gm’[nl —nhlgyn — 1], (16)
Li—1 MK—1 MK—1

T,f,S? = 4K%[a1a} Z Z Z o3 oS 1y (2]

=0 n;=0 npy=0

o~ 4m —malpT, (

27 (ny—np)e
|87x.a8Rx . al"€ K

2 —j2m(ny—np)e
+lgrx,18rx, 17" K
X gm[m — l11gy[n2 — I ]y [m — 1] 17)
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and
Li—1 MK—1MK—1
2 3
) = 4K%|as|? Z Yo > oGfwmlfyn]
=0 n=0 nr=0
_ _ J2m(ng—np)e
x e—4m n2|nﬂTS(|grx,ngX,d|23K
5 Z2m(ni=np)e
+ lgrx,igrx,117e” K
x gwlni —lgh no — Lilylnt — lily[n2 — L.
(18)
Proof: See Appendix C. u

Throughout the paper, %[x] indicates the real part of x.
Note that oscillators in SU; transmitter, ¢y 2(f), and SU;
receiver, ¢gy,1(t), are independent. Clearly, the power of the
desired symbol depends on the impairments including phase
noise, IQ imbalance, CFO and nonlinear PA.

B. INTERFERENCE POWERS
The power of interference terms in output of active digi-
tal cancellation (12) caused by the desired signal, dz,lm, =

Ri,lm, - d,f;sm,, should be derived. It can be readily shown in

Appendix A that, dz,lm, and dz,’sm, are independent. Thus, total

interference power can be derived by p2 = p,%,l r;, - pk, /s
where p E[|R ,| ]. Due to the 1ndependence among
complex data channel coefficients and phase noise terms,

after vamshlng several cross terms that are equal to zero,

21,t 21,81 21,t,2 21,t,3 21,t,2
pk/ m =P2 ' m! +P2T m +p2Tk/ m where Tk/ m/ 5 Tk’,m’
and T21 t, are derived as

Li—1MK—1 MK-1
21,1,1
Tow = Z Z Z ‘721 S [ 4my (1]
=0 n=0 my,my=0
—4xBTymi K
(- snttm (lgrx.al + lgrx.?)
5 Pren=g[nm]) 5 _ie(n=¢[nm])
x | |grx,al°e K + lgrx.1l7e K

X 8my [n— ll]g(m2+ml)M[n -], (19)

Li-1MK—1 MK-1
2112
i = enfad] Y Y

=0 n=0 my,my,m3=0
74nﬂT5m|K<

2
Uzulfm’ [n]

Xf(m’+m1)M[n]€ lerx.al® + |gTX,I|2)

2 R2re(n=¢[nm]) _j2ne(n—§[n,m1])
x| I8rx.al"e K + Igrx.11"e K

—n?
(20)

S 8my [I’l - ll]g(m1+m2)M[n - ll]lg(m1+m3)M[n

and

Li—1 MK-1 MK—1

P 2P IEEDY

=0 n=0 my,my,m3,my=0
74nﬁij1K(

21 t3 2
071 ,zlfm’ [n]

Xf(m/+m1)M [n]e lgrx.al® + |ng,1|2>
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) R2re(n=¢[nm]) > _ J2me(n=¢[nm])
x| I8rx.al"e K + Igrx.1l"e K

X 8ms [}’l - ll]g(m3+m1)M[n - ll]gm4 [I’l - ll]g(m1+m2)M
x [n = 11)(4gmy[n — 1118 my+mayy n — 1]

+ 2gm,[n — —ll]]). (21)

ll]g(n11+m4)M [n

Proof: See Appendix D. |

Throughout the paper, (x))y denotes the operation
x modulo M and ¢[n,m] = n — mle)MK. To
reduce complexity, we deploy Zsz_l e e
K Zﬁi 61 8(n1 — np — tK). Obviously, the interference power
terms depend on the desired channel multipath profile,
3-dB phase noise bandwidth, IQ imbalance coefficients,
normalized CFO, nonlinear PA coefficients and GFDM
parameters.

—j2m

C. POWER OF THE RESIDUAL SI SIGNAL

We next derive the power of residual SI after active dig-
ital cancellation. In [36], the same is done for separate
oscillator for transmitter and receiver of SU; without con-
sidering nonlinear PA. We first derive the power of active
digital cancellation symbols in (14). Note that E[h; ;,] =0
and E[|h1,12|2] = 0121 The sum power of two active

digital cancellation gmbols in (12) can be written as

,i/l 5 —E[|RDLCI+Rk,Lqu ]. Since RDLCIa ngLan are

independent, we have pk, ;= E[IRDLCII ]-I—]E[IRDL CP2) =

11,41 11,£,2 11,1,3 ]ll‘l 11,2,2
p]T/ o+ p%Tk/ m + PaT m Where T m Tk, w

and T1 43

k/ m/ b

expressed by

after a strarghtforward mampulatlon, are

L,—1 MK—1MK—1

=lail> Y D D ot uhwlmIfmlAY ,

bh=0 n=0 ny=0

lltl

) 27 (np—ng)e )
X | 187x,d8rx.al"e K 4+ 187x,18RX 11
—jZn(nl —np)e

27 (ny—ny) (e 72k/)
X e K

+ lgrx.18rx.al"€
—/2n(n|—n2)(e+2k’) )
K

2
+ |grx,agrx.11"e

—blgrn2 — b], (22)

Ly—1 MK—1MK—1

T]:/] 12 4K§R a1a3 Z Z Z oq lzfm [n1]fm,[n2]An1 o

=0 n1=0 ny=0

X 8m' [n1

J2r(np—ng)e

2 2
X (|gTX,ngX,d| e K + |g7x,18Rx,11

J2m(np—ny) (6721\")
+ 1g7x.18Rx.al € K

—j27 (ny—ny) (E+2k/) >
K

—j2m (ny—np)e
X e K

+ lgrx,dgrx.117e

X gm'[m1 — L1gyy[n2 — bly[n — I] (23)
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and
Ly—1 MK—1 MK—1

TN = 4K a2 Z > otpfwlmlfy (1A
=0 n1=0 npy=0

/27r(n1 ny)e
x ( lgrx.agrx.al’e + lerx.1grx.1l?
J2m (ng —112)(6—21(/)
+ |g7x,18Rx.al"€ K

—j2m(ny—ny) (e+2k’) >
K

—j27 (n] —np)e
X e K

+ |grx.agrx.11"¢

gmlni — blgy [na — blylni — Llylna — bl (24)

where An 1.2 18 @ single function for representing phase noise
term given by

AB

0 = E[ef(¢7X,l["1_12]_¢RX,1[”1]_¢7X,l["2—12]+¢RX.1[”2]):|
nl,n

- %E[\Cbml (1 —b1—drx,1[n11=drx,1 (12— | +rx, 1 n2]1%] )

(25)

=e

After finding the power of active digital cancellation
symbols in (22)-(24), we derive the power of residual SI.

According to independency between dRSI /1 and RD Lnf Iy

RSLC, 2 in (12), the power of residual SI dRSI - R1
DLC,I DLC,

le, =Ry Q, is equal to pk,’m, = pk,’m, —pk,’m,, where

Py ’m = [|R,i, " 12]. Due to several cross terms that are equal

to zero, we find that p,i; , _plT, , +py Tl l2, +p ?’Tl’l’3

where by usmg output of active dlgltal cancellatlon (12),
T,:,’[,;:/, kl,’l , and T1 L3 oy are derived by

L,—1 MK—-1 MK-1

Ty = Klay Z > 2 otufwlalfirim, ]

=0 n=0 my,my=0

!
X A112Kn+m1 (|8Tx,d| + [grx.1] )

2 J2me(n— {[n my]) 2 _ 2me(n—=¢[nm])
|8rx.al"e + Igrx.11%e K

bL1gumy+my)yln — 2], (26)

L,—1MK—-1 MK-1

X 8my [n—

1 2
w = W] 2, 2, 2, ot
=0 n=0 my,mp,m3=0
X S +m.)M[n]A,1 Kntmy (Ing,dI + |ng,l|2>
2 j2me(n— {[nml] _ j2re(n—=¢[nmy])
|grx,ql"e + lgrx.11%e K
X 8y [ = 1218y +mayy [ — 1118y +ms)y [n — 121
(27
and
Ly-1MK—1  MK-1

“3—K3|a3|22 Z Z

=0 n=0 my,my,m3,my=0

2
[ef] szm’ [n]

x f<m/+ml)M 1AL i, (800l + g0 )

2 Jj2me(n— [’”"l] _ j2me(n=¢[nm])
X | 18rx.al"e + Igrx.1le K

X 8mj [I’l - 12]g(m3+m1)M [n - 12]gm4 [I’l - 12]g(m1+mz)M
X [n— B1(4gmy[n — L1g(my +m)y [n — 1]
+ 2gmg [n

lz]]).

Now, we want to derive (25) for the two oscillator
configurations.

— b8 my+ma)yn — (28)

1) TWO SEPARATE OSCILLATORS

Thus, the transmitter and receiver of SU; will have inde-
pendent Brownian motion processes ¢ry,1(f) and @y 1(2).
Therefore, two phase noise difference terms ¢rx 1[n1 — 2] —
drx,1ln2 — 2] and ¢rx 1[n2] — ¢rx 1[n1] in (25) are mutu-
ally independent normal random variables. Then, by using
the presented phase noise function in (15), (25) can be
written as

b,ind __

e e~ Hm—m|xBT;
nl,n :

A (29)

2) ONE COMMON SHARED OSCILLATOR

We now have ¢y 1(t) = Pry,1(t) = ¢1(2). In this configura-
tion, for every pair of n; and n; for every value of I, we
should find two non-overlapped groups of the phase noise
differences in time. According to the properties of Wiener
processes, they will be independent, and we can use (15) to
find (25). After several manipulations, (25) for the common
oscillator case is derived as

e~ 4 —na |7 BTy
o4 BT,

[ny —nal < lp

30
[ny —na| > . (30)

bh,comm __
Anl,n2 - {

By inserting (29) and (30) in (22)-(24) and (26)-(28),
power of residual SI for the case of independent oscilla-
tor and common shared oscillator are derived, respectively.
Obviously, derived expression in (22)-(24) and (26)-(28) is
function of system parameters and can be derived for any
arbitrary configurations.

D. POWER OF THERMAL NOISE

Next, we derive the power of equivalent noise components
in (12). With additive Gaussian noise n[n] ~ N0, a,%), the
variance of linear equivalent noise wzf{’;l, in (12) is given by

MK—-1
ophy = B[ ] = lerx.al’o? Y Ul G

n=0

eq, Q
Similarly, the power of conjugate equivalent noise w,," -

in (12) is written as
MK—1

opl = E[ Wi 21 = lerxPo? D Uhwlnll®. (32)
n=0

Variances in (31) and (32) show that noise power depends
on IQ imbalance coefficients, noise variance and the receiver
filter. Thus, the total noise power can be written as o}, , =

,,—i—o
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E. SINR FORMULATION
Finally, following the (16)-(18), (22)-(24) and (26)-(28), (31)

and (32), the SINR associated with the desired signal
transmitted from SU, to SU; may be formulated as
2,8
ra . = il
M P TPy Tl
2 s, a
S (DT
- 3 72l — 11 (33)
(Za:ﬂ’z o +P1T o a) + 9w
2,8,a 211a 2,8,a 11,s,a lta ]lta
where Tk’ =Ty — Tk’ p and Tk, o =T =Ty

a=1,2,3. Clearly, (33) 1s a functlon of system parameters
and specially average transmit power of SUp, p1 and that of
SU, p>.

IV. ACI DERIVATION

Here, we will assess the ACI, caused by out-of-band emis-
sion of the two full-duplex nodes SU; and SU;, on the
lower and upper neighboring PUs. To do that, recall that
the channels between SU; and lower and upper active PUs,
hi; and h,;, i € {1,2}, are frequency selective channels.
We assume they are constant over each frequency bin in
frequency domain. To derive ACI caused by SUj, we first
need to derive the PSD of the SU; transmitted output y; (¢)
in (6). By using the nonlinear PA output (3), the autocorre-
lation function of y;(¢), Ry,y, (t, T) = E[y; ®)y](t — 7)], can
be written as

Ry (1 0) = 21T (19702 + lgra?)Rn.z1 1, 7) (34)

where Zi(1) = a1x1(t) + azxpa,1(t) and Rzz (¢, 7)
E[Z; (t)Z;k (t — 7)]. Reference [35] proved that Rz, z, (¢, T) is
a cyclostationary process with the property of Rz, z, (¢, 7) =
Rz,7,(t + MT,, 7). By taking the expectation over one
period, the average autocorrelation function can be derived
Rzl 7, (t, T). By taking its Fourier transform, the PSD of Z; (¢)

In (36), G, (f) is the frequency response of each filter
and operator ® denotes convolution. All the details of the
derivation are available in [35] and references therein. Thus,
for brevity, we do not list them here. By taking Fourier
transform of autocorrelation in (34) the PSD of y;(f) may
be expressed by Sy,y, () = p1S1,1() +pIS1.2() +piS1.3().
where S1,1(f), S12(f) and S13(f) may be written as

4”:3Tx(|ng,d|2 + |ng,I|2)

i=1,2,3.
(2 BTy)* + 4n2f?

S1,i(H) =

® ni(f),
(37)

By using the PSD of SU; transmit output y;(¢) (37), the
ACI generated by SU; on lower and upper channels can
be derived as Py = piyu,1 +pivns +pivn s and Py =
P1V¥r 1 +p%1//,1’2 +p? Y¥,1.3, respectively, where ¥ ; and v, ;,
i=1,2,3, may be expressed as

fa+1/Q2Ts)
Vi = Z Hi(d - K)/ S1i(Hdf
o f-1/Q1)
—fa+1/Q2Ty)
o= S Had-K) /| SLidf (38)
d=K+1 —fa—1/Q2Ty)

where f; = K+2"+1 ,and H; | (d) and H, | (d) are channel gain
of hy1(¢) and hr,1(t), respectively, in d—th frequency bin.
Similarly, the ACI of SU, on the lower and upper channels
could be derived. We omit the details for brevity.

V. SUM RATE MAXIMIZATION

We now formulate the maximization of the sum rate of the
full-duplex link given the ACI constraints on lower and upper
neighboring channels of the spectrum hole. By utilizing the
derived SINR expression (33), we formulate the achievable
rates of SU; and SU, as follows:

K—1M—1
has been given as [35] R (p1, p2) = Z Z log2<1 + F,%,I!m,>
Sz () = pim () + pr’m () + pr’n3(f) (35 ’[‘( ?;”4 ?
where n1(f), n2(f) and n3(f) are derived in [35] and are RZ(p1, p2) = Z Z 10g2(1 + r‘;?m) (39)
listed in the bottom of the page in (36). =0 m' =0 '
K—1M-1 k— K1 g
Iall2 Z 3 6, ( - T)
$ k=0 m=0 Ts
K (MM 1 K—1 K-l
() = ( > (Gn) @16 /(f)lz)xG*(f)>® 8( 2 )
m=0 m'=0 k=0 Ty
—1M=1 M—1 ) K—1 o k=1
m() = | 4lasl o Z > Y (Gnth @ 1Gw (P @ (G (D) x G ) ®Z«S<f—T2)
m=0 m'=0 /' =0 k=0 $
2 _ _
2o (ZZZJ M/;o Y (Gnlh) 8 G () © G2, (=) X (G3F) @ Gy () @ G, (=) )
&Yk K- 5<f_ %)
(36)
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where these rates are specified in the units of bits/second per
Hertz or bps/Hz. Note that rates of SU; and SU; depend on
all the system parameters. Thus, these expressions allow for
comparative performance evaluations of different parameter
configurations. Moreover, impacts of RF impairments on
the system performance can be qualified and measured, and
thus design guidelines can be developed. By utilizing the
ACI expressions (38) and the above rates (39), the sum-rate
maximization problem may be formulated as

max R* (p1,p2) + R (p1.p2)

s.t. p1 < Pmax, P2 < Pmax,

(40)

3
Zp?er,a < Iy max,

a=1

Zptll'(ﬂll,a < I max,

a=1

3
Zpgwrl,u < Ir,max (41)

a=1

3
Zpgwlla < Il,max’

a=1

where P,y 1s the maximum allowable transmit power, 7 max
and I, juqc are the maximum tolerable interference power
on the lower and upper PUs from each full-duplex node,
respectively. The constraints force that the average transmit
power of SU; and SU, should be lower than

3
7 .
p1 < Pl,max = mln{Pmam root™ (ZP?Wll,a - Il,max) )

a=1
]r,max) }

3
root™ (ZP?I/frl,a -
3
P2 <Py = min{Pmax, root™ (Z Povinn.g — Il,max)v

a=1
a=1

root™ (szl//ﬂ a—1Ir max) } (42)

where root™ (f(x)) stands for the set of the real positive
roots of f(x) = 0. Because of the interference constraints,
the problem (40) is not convex. Non-convex problems are in
general very tough to handle. Thus, we use a series of succes-
sive convex approximations until convergence. To do that, we
approximate the denominator and nominator of SINR with
affine functions based on first-order Taylor series expansion
as f(x()) = f(x(t — 1)) +f(x(t — 1)) (x(#) — x(¢ — 1)), where
t is the iteration index and x(t — 1) is the optimal solution
of t — 1 iteration [43]. Therefore, SINRs of SU, and SU;
are approximated by

= b= D2+ Ep (1 — 1)
T ® = = :

* k’ m’(t l)pZ(l) + Ck’. (= I)Pl(f) + F s m’( -1

1 _ 1 _

B2 0 = A l)pl(t) +Ep =1 ‘

' Bl (= Dp1(0) + C, (6 = Dpa(t) + Fyy (6= 1)

(43)

Proof: See Appendix E. ™

740

Now we can rewrite the sum rate optimization
problem as
K—1M-1 K—1M-1
=21 12

max Z Z 10g2<1 + Fk,’m,> +Z Z 10g2(1 +T ; /)
K'=0m'=0 =0m'=0

(44)

s.t. p1 < P'Lmax,pg < P/Z’max. (45)

We convert (44) into a minimization problem, and after
that transform it to a logarithm of a multiplication terms as

M—1K—1 1
15111;1; log I_I()r}:[o(l—i-r‘ )
M-1K-1 .
logl—[ I1 (1+F ) (46)
=0 m'=0

To write fractional terms of (46) in the form of posyno-
mial functions, the arithmetic-geometric mean approximation
(AGMA) can be used [37]. In thiﬁ/ method, a fraction of two
Zk 1ﬁ<(x)
Zz g| 8i(x )

posynomial functions, F(x) = , is converted to the
posynomial function as

Ny

; o ((&00) "
me=2mwrwnm)

k=1 i=1

(47)

where n;(f) = ]\fa;n

s g =1)
two sum rate components in (46) are converted to (48). This

equation is given in the bottom of the next page.
The optimal powers are given by
where the two delta terms in (48) are given by

A = (43, O + B,y 0)p2(0) + Ch (091 (0
+ By () + Fi Ly (8)

82(®) = (Al @) + Bl )21 (0) + €y Op2(0)
+ Ep () + Fpy o (0).

Therefore, by using the AGMA,

(49)

Since problem (48) is a standard geometric program (GP),
Algorithm 1 can solve with the constraints of (45) by utiliz-
ing the CVX tool [37], which uses an interior point method.
The number of iterations is %, where ¢, 15, 0 < B < 1
and n are the number of constraints, the initial point to
approximate the accuracy, the stopping criterion and the
updating parameter, respectively. The computation required
for the AGMA in each iteration in our problem is KM, and
the total computational complexity is KM log@/teh)

o .o log(n)
The full algorithm is given in Algorithm 1.

VI. SIMULATION RESULTS

Here, first, the residual SI powers for both cases of Case 1-
two independent oscillators and Case 2- single shared oscil-
lator in (25)-(30) are verified via simulation results. The
following results are given for both GFDM and OFDM.
First, the SINR expression (33) is computed. Second, the
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Algorithm 1 Sum Rate Maximization Algorithm

1: Set the maximum number of iteration Imax and convergence
condition p.

2: Set t < 1 and initialize p1(0) = p(0) = Ppax and Calculate
A1(0) and A(0) by (49) .

3: do while |py (1) —p1(t—1)| < ¢ and |pa(1) —p2(t—1)| < ¢ and
t < Imax

4: Derive p1(t) and p,(¢) by solving (48) given constraints (45).
5: Update A1 (f) and Ay (#) by p1(¢) and py(f) by using (49).
6:t<«t+1 7: end do 8: return

PSD of transmitted signal (37) is verified with simulation
results and adjacent channel power ratio (ACPR). Third, the
sum rate maximization of the full-duplex link (48) given PU
interference constraints (45) is solved for several different
scenarios.

A. SYSTEM MODELS AND PARAMETERS

1) GFDM AND OFDM

Note that GFDM includes OFDM as a special case. Thus,
by setting M = 1, and prototype filter g[n] equal to rectan-
gular pulse shape, we get OFDM. Therefore, all the derived
expressions can also be used for OFDM.

We use K = 32 subcarriers, M = 5 time-slots, root raised-
cosine filter with the roll-off factor 0.1 and zero forcing
receiver [31] for GFDM. OFDM also uses 32 subcarriers.
Sampling time is equal to 100 ns [21] and the cyclic prefix
for both GFDM and OFDM is equal to the length of the
channel.

2) PA NON-LINEARITY

We consider linear and non-linear PAs: (1) linear, denoted by
PA 1, with the polynomial coefficients a; = 15.0008+-0.0908
and a3 = 0 and, (2) nonlinear, denoted by PA, with {aj, az =
—23.0826 + j3.3133}. Variance of the noise is 0 dB and
maximum allowable power is equal to PA 1- dB compression
point, P, = P1gp = 23 dBm, that is derived from [35].

3) CHANNEL MODELS

ITU outdoor channel model A is considered for generat-
ing multi-path components of hy;(f) = hi2(f) with power
delay profile of 0 dB, —1dB, —9dB, —10dB, —15dB
and —20 dB for delays of 0, 3, 7, 11, 17 and 25 sam-
ples. Furthermore, The power delay profile of SI channel

Residual SI power [dB]

>CI-PA, (- 00,0) <] C2-PA, (- 0, 0)
O CI-PA, (-37.5, 0.05) { C2-PA, (-37.5, 0)
sk C1-PA, (-37.5, 0.05) []C2-PA, (-37.5, 0)

—60
100 10! 102 103 10* 103 10° 107 108
3-dB phase noise bandwidth, f [Hz]

FIGURE 3. SUj residual SI power versus 3 dB phase noise bandwidth. Legends C1
and C2 denote Case 1 and Case 2, respectively.

in [21] is utilized for A1 (t) = hy,(¢) which is 0 dB, —35 dB,
—40dB and —45 dB for delays of 0, 1, 2 and 4 sam-
ples. Moreover, interference channels between two nodes
and PUs in lower and upper channels are generated from
a 7-tap multipath model with exponential power profile
o =33 jexp(i—k)/2,i=0,....6.

Moreover, in Fig. 3-Fig. 7, simulation results are shown
with markers. Moreover, theoretical results for linear PA;
and nonlinear PA, are indicated with solid and dotted lines,
respectively.

Note that GFDM with a linear PA has lower out-of-band
emissions compared with OFDM. Moreover, this advantage
is retained in the presence of nonlinear PA [35]. Moreover,
GFDM offers flexible design of its prototype filter to further
reduce out-of-band emissions [14]. However, digital predis-
tortion [44] and crest factor reduction [45] techniques can
be deployed for both GFDM and OFDM to reduce nonlinear
interference. Since these techniques increase the complex-
ity of the system, in this work, we compare conventional
GFDM and OFDM only. However, digital pre-distorion and
crest-factor reduction are potential future works.

M—-1 K—1
min 111 (Bi,’m, (t = Dpa(t) + Ch (= Dpi (6) + F2 (1 — 1)) (B,lc,,m, (t = Dp1 (1) + C3 (= Dpa (D) + Fly (1 — 1))
p1(1),p2 K=0 m'=0
p2=D) Ai’,m’ +Bl€’,m’
) By DR 6D PrOAL(E— 1)\~ <A1(H) )
X (A1(t—1) NED (Mg — 1) men (B2
p2(t—1)
P UH)(&LW +B}(/’m,) PI=DCY P-nc%,
(m(t)Az(f - 1))‘ 50D (m(t)Al(t - 1))‘ A0 (pz(t)Az(t - 1))‘ I 48)
o« (P22 =) prA—1) p2)Azlt — 1)
pic—1) pic—1) p2t—1)
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To verify the accuracy of the derived expressions, we next
plot our residual SI power analysis (25)-(30) and SINR (33)
by simulation results. Furthermore, the SINRs of GFDM and
OFDM are compared.

B. POWER ANALYSIS

Fig. 3 shows the SU; residual SI power in (25)-(30) ver-
sus 3-dB phase noise bandwidth for two cases; Case 1- two
independent oscillators in (29) or Case 2 single shared oscil-
lator (30). Node SU; uses p; = 17 dBm transmit power and
GFDM. The set of IQ imbalance and CFO parameters are
indicated by the legend (IRR [dB], ¢).

To evaluate the system performance given the RF impair-
ments, we investigate three scenarios for Case 1; 1) linear PA
with no IQ imbalance and CFO (legend C1-PA; (—o0, 0)),
2) linear PA with IQ imbalance and CFO (legend C1- PA;
(—37.5,0.05)), and 3) nonlinear PA with IQ imbalance and
CFO (legend C1- PA, (—37.5,0.05)). Similarly, aforemen-
tioned scenarios are considered for Case 2 with this exception
that CFO is equal zero for all cases. The observations have
been summarized as follows:

o« We observe that, the simulation results for residual SI
power fully match with the derived residual SI power
in (25)-(30) for both Case 1 (29) and Case 2 (30).

o The promising finding is that residual SI power for
Case 2 is significantly lower than that for Case 1 in
all cases, e.g., when PA; (—o0,0) and 8 = 10 kHz,
Case 2 achieves 40 dB lower residual SI power. This
due to the fact that Case 2 cancels more phase noise
by receiver oscillator than Case 1. Furthermore, CFO
disappears for Case 2, which decreases residual SI
power, e.g., when PA; (-37.5,0.02) and 8 = 10 kHz,
30 dB is difference between two oscillator setups. Note
that [21] demonstrated that Case2 is more beneficial
for OFDM full-duplex transceivers given phase noise
impairment. However, our results clearly confirm that
Case 2 preserve its beneficial in the presence of other
RF impairments and is a realistic scenario for compact
GFDM and OFDM full-duplex transceivers.

« Moreover, since SU; average transmit power p; =
17 dBm is lower than Pz = 23 dBm, PA; works in
linear region. Therefore, We expect that interference
terms due to the nonlinearity are negligible and residual
SI power for both PAs are equal. But, we observe that in
Case 2, a gap exists between the nonlinear PA and the
linear PA results, e.g., for Case 2 with (—37.5,0) and
B = 10kHz, 14 dB gap exists between PA| and PA,.
The reason is that receiver oscillator cannot perfectly
eliminate the nonlinear PA terms. On the other hand,
in Case 1, PA; achieves lower residual SI power than
PA; but the gap between them is not as high as Case 2.

By wusing the derived residual SI power expres-

sions (22)-(28), for illustrating impacts of RF impairments
especially nonlinear PA on SI digital cancellation, we define
active digital cancellation capability (G) as the ratio between
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Fig. 4 represents SU; active digital cancellation capability
(G) in (50) versus average transmit power p; for the two
oscillator setups. SU; uses GFDM. In this figure, the set of
phase noise, IQ imbalance and CFO parameters are indicated
by the legend (B [kHz], IRR [dB], €). Three scenarios have
been investigated for Case 1; 1) linear PA with phase noise
(legend PA; (10, —00,0)), 2) linear PA with phase noise,
IQ imbalance and CFO (legend PA; (10, —37.5,0.05)), and
3) nonlinear PA with phase noise, IQ imbalance and CFO
(legend PA, (10, —37.5,0)). Same scenarios are considered
for Case 2 which CFO is equal to zero. The observations
have been summarized as

« We observe that, with linear PA;, G does not depend on

the average transmit power. Thus, G remains constant
for different transmit power levels. But this property
does not hold for nonlinear PA,. With increasing aver-
age transmit power approaching 23 dBm, active digital
cancellation capability (G) decreases. Thus, with a non-
linear PA, nonlinear interference terms are not negligible
and reduce the capability of active digital cancellation.
« Similar to Fig. 3, we observe that a single oscillator
(Case 2) outperforms the use of two (Case 1) in terms
of digital cancellation capability (G), e.g., when PA;
(10, —37.5, 0.05) with p; = 21 dBm, 20 dB is differ-
ence between the two oscillator setups. Furthermore,
RF impairments reduce digital cancellation capability
(G). Furthermore, since nonlinear interference terms
are dominant in higher average transmit power, e.g.,
p1 = p1ap = 23 dBm, digital cancellation capabilities of
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these two oscillator setups converge to the same value.
Thus, nonlinear PA plays a main role in decreasing the
digital cancellation capability.

It is notable that Fig. 3 and Fig. 4 illustrate that the single
oscillator (Case 2) outperforms the use of two (Case 1) in
the presence of RF impairments. Thus, the single oscilla-
tor option is promising for full-duplex transceivers, and we
deploy it exclusively for the remaining figures.

C. SINR ANALYSIS

Fig. 5 shows the SINR of SU| in (33) versus average transmit
power. We assume that average transmit power of SU; and
SU, are equal (p; = pp = p). Moreover, we assume that the
parameters of RF impairments are the same for both nodes.
Furthermore, SINR results for OFDM are presented. Three
scenarios have been investigated for OFDM and GFDM;
1) linear PA with phase noise (legend PA; (10, —o0, 0)),
2) linear PA with phase noise and IQ imbalance (legend
PA; (10, —37.5,0)), and 3) nonlinear PA with phase noise
and IQ imbalance (legend PA; (10, —37.5,0)). Note that
since Case 2 is utilized, CFO does not exist. Furthermore,
we estimate the PSD via the averaged periodogram algo-
rithm with 50% overlap and the Hanning window [30]. The
observations of Fig. 5 have been summarized as follows:

o The theoretical (33) and simulated results match per-
fectly. This match verifies the accuracy of the derived
expressions of desired symbol in (16)-(18), interference
terms in (19)-(21) and thermal noise in (31) and (32).

o It is well known that GFDM confers the advantages
of filter bank implementation and low peak-to-average
power ratio [11]. Thus, we may expect that GFDM
outperforms OFDM in terms of SINR. Unfortunately,
this is not true, and we observe around 4 dB gap
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between OFDM and GFDM results. This is because
non-orthogonality of GFDM causes more intercarrier
interference and intersymbol interference terms and
increases residual SI power. Furthermore, interference
terms from SU,; with GFDM is higher than OFDM.
Therefore, SINR of the SU link using GFDM is lower
than that using OFDM. However, for both OFDM and
GFDM, the RF impairments reduce the SINR.

o We observe that, in all cases, when linear PA; is
deployed, by increasing the average transmit power,
SINR increases. The reason is that by increasing power,
the effect of thermal noise in SINR (33) decreases.
On the other hand, when nonlinear PA, is utilized, by
increasing average transmit power and approaching to
Pp1dg = 23 dBm, SINR power monotonically decreases.
It is due to the fact that nonlinear interference terms in
nominator and denominator of SINR (33) are function
of square and cube of power. Thus, in higher aver-
age transmit power, PA, works in nonlinear region and
the interference terms are not negligible. In result, they
reduce the power of desired terms and increase the
power of interference and residual SI terms.

We next verify the derived PSD of transmitted signal from
SU; in (37) by simulation results. Moreover, we compare
the ACPR of GFDM and OFDM.

D. PSD ANALYSIS AND ACPR

In Fig. 6, PSD of transmitted signal from SU; in (37) is
plotted versus the frequency in the presence of phase noise,
IQ imbalance, and nonlinear PA. To show the effect of PA
nonlinearity, we assume the average transmit power is equal
to p1 = psar = 27 dB (that is derived from [35]) and PAs
operate in the nonlinear region. GFDM is deployed in the
transmitter of SU;. Three scenarios similar to the ones in
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FIGURE 7. ACPR of SUy versus average transmit power of SUy, py.

Fig. 5 are considered. The observations are summarized as
follows:

o The simulation results verify the derived PSD of the
transmit signal of SU; (37) in the presence of RF
impairments.

o PSD is typically utilized to characterize broadband ran-
dom signals and estimates the frequency content of the
signal. PSD enables the evaluates in-band and out-of-
band emissions (e.g., interference). Fig. 6 shows that RF
impairments increase the out-of-band emission, increas-
ing the interference on neighboring PUs. Especially,
nonlinear PA causes spectrum regrowth due to out-
of-band interference terms. These terms are function
of square and cube of average transmit power and
when the PA operates in the nonlinear region, their
effects are much more severe, e.g., when (10, —37.5, 0),
out-of-band emission of PA; is —6dB higher
than PA;.

By using PSD of SU; output signal (37), to show the

impacts of RF impairments on the out-of-band emission, we
define ACPR as

L Sun(Ddf
_ Jo 2 DA
J=g, Sy (Ddlf

where [Bi, B2] is a frequency interval of upper adjacent
channel and [—Bj, B1] is a frequency interval of the main
channel. In Fig. 6, we set By = 5 MHz and B, = 15 MHz.
We are interested in how out-of-band emissions depend on
the multicarrier modulation format used by the transceivers.
Thus, Fig. 7 plots the ACPR for GFDM and OFDM versus
transmit power of SU;. Three scenarios as per Fig. 5 are
considered. The observations are summarized as follows.

(5D

o Because GFDM uses non-orthogonal subcarriers, we
may expect that it has higher out-of-band emissions than
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OFDM. But we in fact find that GFDM achieves lower
ACPR in all cases, e.g., when PA| (10, —oc0, 0) and the
transmit power of SU; is 21 dBm, ACPR of OFDM is
approximately 7 dB higher than GFDM. The reason is
that GFDM has a filter bank structure, which reduces
the out-of-band emission. Although [11] confirmed this,
the present work illustrates that GFDM preserves this
advantage even in the presence of the RF impairments
and thus has lower interference on neighboring PUs.

o As seen in Fig. 6, RF impairments including phase
noise and IQ imbalance increase ACPR and out-of-
band emission, e.g., when p; = 21 dBm, there is 8§ dB
gap between PA; (10, —37.5,0) and PA; (10, —o0, 0).
Furthermore, the RF impairments decrease the gap
between ACPR of OFDM and GFDM, e.g., at PA;
(10, —00, 0), the gap is 7 dB, whereas when PA;
(10, —=37.5, 0), the gap is 2.3 dB.

e On the other hand, when linear PA is deployed, the
ACPR is independent of average transmit power and
the gaps between GFDM and OFDM results is con-
stant. However, when nonlinear PA; is deployed, by
approaching to PA 1- dB compression point, ACPR
monotonically increases and out-of-band emission on
neighboring channel boosts since the power of nonlin-
ear terms increases. Moreover, by approaching to PA
1- dB compression point, the gap between GFDM and
OFDM decreases.

While OFDM outperforms GFDM in terms higher SINR
(Fig. 5), the converse holds from the perspective of
out-of-band emissions (Fig. 7). The SINR impacts the
secondary link rate while out-of-band emission translates
into interference on neighboring PU channels, a critical
problem in cognitive radio networks. In the next section,
we investigate the trade-off between these two effects.

E. SUM RATE MAXIMIZATION

Fig. 8 represents the optimized sum rate of SU link in (48)
under ACI constraints in (45). For comparative purposes,
we also present the optimized sum rate results of full-duplex
OFDM. Moreover, we assume that SU; and SU; are identical
in the sense that they both have the same RF impairments.
Furthermore, maximum tolerable interference on the lower
and upper PUs is the same, [} uux = Irmax = Im. Three
scenarios as in Fig. 5 are considered for GFDM and OFDM.
The observations are explained as follows:

« On one hand, when the maximum tolerable interference
power is high, e.g., I, = 0 dB, the ACI constraint is
not dominant and since full-duplex OFDM has higher
SINR, it achieves higher sum rate. On the other hand,
when the maximum tolerable interference power is tight,
full-duplex GFDM can achieve higher sum rate since
it has lower out-of-band emissions than OFDM, e.g.,
when PA; (10, —o0, 0), at Iy, = —36 dB, the optimized
sum rate of full-duplex GFDM is more than double
that of full-duplex OFDM. It is notable that the criti-
cal requirement for realizing SU link in the spectrum
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hole is low ACI on neighboring PUs. Thus, full-duplex
GFDM, which has lower ACI, offers more data rates
when exploiting the spectrum hole.

o However, RF impairments decrease the sum rate for
GFDM and OFDM. For example, the when 3-dB phase
noise bandwidth, IQ imbalance and CFO increase,
the optimized sum rate in all cases decrease, due to
increasing residual SI and intercarrier and intersymbol
interference. Moreover, nonlinear PA; achieves lower
sum rate in compared with linear PAj, due to in-band
and out-of-band nonlinear interference terms.

We next compare the performance of our proposed algo-
rithm in (48) with two others: (1) Non-optimized algorithm;
the transmit powers of SU; and SU, are set to maximum
powers P'L max and P/2’ max 1D (42), respectively, and the sum
rate in (40) is derived without any optimization and (2)
Exhaustive search; the sum rate in (40) under ACI con-
straints in (45) is calculated for all possible SU; and SU»
average transmit powers. For exhaustive search, we examine
10000 x 10000 (p1,p2) sets that are generated between zero
and maximum powers P/l,m 2 and P/z, max 1 (42). Moreover,
we consider different RF impairments for SU; and SU; to
understand how our proposed algorithm deals with differ-
ent parameter configurations. The nonlinear PA, with phase
noise 10 [kHz] are considered for both SU; and SU,. The
IQ imbalance of SU, and the receiver of SU; is equal
to —37.5[dB] and the only difference is the IQ imbal-
ance of SU; transmitter which is equal to —17.5 [dB]. As
can be seen, the proposed algorithm outperforms the non-
optimized algorithm. On the other hand, the optimality gap
(i.e., between the proposed algorithm and the exhaustive
search), which is caused by approximation in (43), is almost
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negligible. Note that when the ACI threshold decreases, the
optimality gap almost vanishes. This is because, smaller
thresholds result in smaller transmit power allocations, and
consequently, the impacts of nonlinear terms decrease. Thus,
the error of the approximation in (43) is negligible.

VIl. CONCLUSION
This paper has investigated the performance of full-duplex
GFDM transceivers operating over a spectrum hole (whose
lower and upper adjacent bands are PU active) in the pres-
ence of phase noise, IQ imbalance, CFO, and nonlinear PA.
Both analog and digital SI cancellation techniques were con-
sidered and the residual SI power was derived for two cases
- (1) two independent oscillators per transceiver and (2) sin-
gle shared oscillator per transceiver. We also derived the
powers of desired signal, interference signal and equivalent
noise, SINR and the PSD. The power allocation was deter-
mined to maximize the sum rate of the secondary link. For
this, we deployed a series of successive convex approxima-
tions to reach a standard geometric programming problem.
Moreover, we showed that the gap between our proposed
algorithm and an exhaustive search is negligible.

Some insights and implications of our findings are as
follows.

1) Since simulation results fully match the derived analyt-
ical expressions, they have been validated. Thus, they
may help us to quantify the tolerance of the system
toward RF impairments and may also lead to RF circuit
design guidelines and more.

2) In the presence of RF impairments, the single-shared
oscillator setup significantly decreases the residual SI
compared with that of two independent oscillators.
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Thus, the single setup may be beneficial for up and
down conversions in full-duplex transceivers.

3) Moreover, we extensively evaluated the impacts of RF
impairments on a GFDM full-duplex link operating
over a spectrum hole. The results show that RF impair-
ments increase the residual SI power and out-of-band
emissions. These results provide practical guidance
for designing full-duplex GFDM links in secondary
networks subject to interference constraints.

4) Finally, we find that the full-duplex GFDM link
achieves significantly higher rates than the full-duplex
OFDM link. For instance, the sum rate gains as high
as 100% are sometimes achieved. Therefore, given
RF impairments, GFDM is a potential candidate for
realizing full-duplex links in secondary networks.

This paper focused on the ability of full-duplex GFDM
transceivers to handle RF impairments and non-linear PA
effects for a link over a spectrum hole. Cognitive and full-
duplex radios offer a clear path for addressing the spectrum
crunch. Hence, they offer invaluable developments for the
emerging 5G and beyond wireless standards.

VIIl. FUTURE RESEARCH TOPICS
This work can be extended in several directions. First, the
assumption of perfect spectrum sensing may not hold in prac-
tical settings, and spectrum sensing errors will affect both
the sum rate and interference levels on the primary users and
also introduce primary interference on secondary receivers.
These factors will then impact the throughput maximization
of the secondary link. Spectrum sensing techniques include
energy detection and others (see [46], [47] and references
therein). The impacts of dynamic spectrum sensing and sens-
ing errors for this system configuration are thus left for future
research. Second, although relays are incorporated in both
4G and future wireless standards, the performance of full-
duplex relays with RF impairments has not been reported
thus far. This topic too is worthy of further study.
Moreover, a high peak-to-average-power ratio (PAPR) is
a drawback of both GFDM and OFDM. PAPR of GFDM
is studied in [14], [48], [49]. However, the impact of PAPR
on GFDM full-duplex transceiver and appropriate reduction
techniques are important research topics.

APPENDIX A

DESIRED SYMBOL

Based on the detected symbol model (11), the received signal
from SU, can be written as a summation of desired symbol

d]%;sm, and interference dz,1 ' Thus, we have

R = Wy + it (52)
yvhere d,%;fm/ = ,ui,’m,dk,,m,. Since desired eymbel and
interference should be independent, we can derive uk, , by

= EIRY i ). We defined that R = R21 L+
2/1 Q ) Ri/l P;A " i Ri/l ’:A ,0

uncorrelated Ealdr, m, d,fz o

. Since complex data symbols are
1 = 8lki —k218[m; —my]), R*1-2
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and R?1-PA-C are independent from d;(*,zm,, ]E[R21 Qal*2 wl =

km
]E[Ri};f‘ Qd]f,zm,] = 0. Therefore, by using discrete GEDM

51gna1 in (1) and expressions in (9)-(11), we have that
e = B[R+ R, |
Li—1 MK—1

Z Z h21 n, l1]<al]E|:xz[n—ll]dk/ /]
=0 n=0
+ a3E[xPA,2[n — llldzf%n,/])
X folnle %" (53)
where E[xy[n — ll]d;{“,zm,] is derived as
K (=1
E[xg[n - zl]d*%m,] gl — 11 (54

Moreover, according to that xps 2[n—11] = xo[n—1;]|x2[n—
1%, Elxpaaln — L1d}?, 1 is derived as

Bl paln — 1142, |

K—1 M-1
1
= Z Z ]E[dkl mldkz mzdk3 mgd;ck’,m’]

ki,k2,k3=0my,mp,m3=0
i kl+k2—k3 ()
X gml[n_ll]gmz[”—11]823[”—11]6’1271 Ko ll).
(55)
Since complex data symbols are uncorrelated
(]Ed[dklvmldltz my] = 8lki — kz]é[my — ma]), for solv-

ing (55), we should consider two cases; 1) ki = k3,
my =ms3, kp =k, my=mw', and 2) ky = k', m = n!,
ko = k3, my = myp. Thus, by calculating these two cases
and after straightforward manipulation, (55) is simplified as

}2nk (n— 11)

]E[xz,PA[n - ll]dz/%m/:l = 2p2¢_Ke K

x Z|gm[n -0l
m=0

Therefore, by substituting (54) and (56) in (53), ,w,i, w is
18 derived in (13).

mln—1]

(56)

derived. In result, d,%;fm, = ,ui/’ m,d,%,’

APPENDIX B

DIGITAL CANCELLATION SYMBOLS

By using detected symbol in (11), residual SI signal after
active digital cancellation can be derived as

RSILL _ 51 I 1 |
dk, =R — W — I m oy 57)
DL
where R,L:,LC,I = ul m,d,i, , and Ry CQ = ,? daxt

Since linear and conjuéate active dlgltal cancellation symbols
should be independent from each other and also a® r],;,l, we
can derive ,ui, , and u,g by ,u,f(, , = E[Rl, d;:,l ,] and
,u,]g w = IE[Rk, e )> Tespectively. Similar to Appendix
A and using dlscrete GFDM signal in (1) and expres-

sions in (9)-(11), ka, , and ;ng , and in result RgLC,[ =

DLC
'U“k’ m’dk’ m' and R Q B

omit the details for brevity.

Q d,’:,lm, can be derived. We
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APPENDIX C
POWER OF THE DESIRED SYMBOL

By using desired symbol in (13), pi}fm, = E[Id,%}fm/lz] can
be written as

Li-1 MK-1
piy = E[1d2, 2] = B[ & a?, ] 3 Y

l] ,l3:0 np ,n2:O
x E[ iy ln1, 03] [, 31 (@ + 2Kazpay [ — 1)

x (af + 2Kdspary [y — B1)fw [ni 15 [n2]

X gwlni — hlgh[na — I31. (58)

We know that E[d,%,’m,dz,%m,] = 1. Moreover, by
considering the autocorrelation of phase noise in (15)
and also E[lhoiyl?] = o3,, h = 0,1,....,L — 1,
E[hgl[nl, ll]hﬂ [n2, [3]] can be derived as

]E[h& (n1, L 1h5] (2, ls]]

27 (n] —ny)e
2 —4|ny—ny | BT, o LrimThp)e
= 0311, m=mlrp “(|87x,ngx,d| e K

) —j2m(n]—ny)e
+ legrx,18rx,117e” K

)5[11 - ).
(59)

Therefore, by substituting (59) in (58), pi;fm, can be
derived. Furthermore, pi;,s Ly can be written as a summa-
tion of three terms as pi,’fm, = psz,’j;l], + p%T]f,sm% + p;Tz,ij
in (16)-(18).

APPENDIX D
POWER OF INTERFERENCE TERMS

Bg/1 using 1detecte(; symbol in (11), we rewrite Ri,{ s
Rk’,m’ = Xk’,m’ + Xk/,m/’ Where

Li—1M—1

X = D0 D @ (Hhln. libaln = 11+ K [, 1)
;=0 n=0

wro 7j2nkf,n
X xy[n = L] )fy[nle 7" K

Li—1M—1

xsz’m/ = Z Z as (hél[n, lilxpapln — L]+ h2Q1 [, 1]
1,=0 n=0

X xhy aln — 11 oIl 7R (60)

Now, pi,ly’,;, = [|R%,{m,|2] is equal to
21,
Pt = B[t ] + 29[ E[) 12 || + B[ 16 ]

(61)

Now we derive each component.

A. Ellx} n|%1 DERIVATION
According to (60) and this fact that E[xz[n) —111x3[n2—53]] =
E[x3[n1 — hilxalny — B]], E[kal,,m,lz] can be formulated as
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Li—-1 M-1

E[ld ] =1 Y D7 (B[ lm, nmstina, 151

11,.3=0ny,ny=0

+ IE[hZQ] [n1, ll]h;?[nz, 131])
x E[xz[m — 15[ — 13]]

X fo [ 15 [y Je 72 & —nal, (62)

Like as E[h, [ni, L1h5 [no, 311 derivation in  (59),
IE[th1 [n, ll]hle[nz, I3]] is derived. The summation of these
two terms can be summarized as

E[hgl 1, 11K [, 13]] + E[h% [y, 117321y, 131]

2 4| (

2 2
=031, lgrx,al” + |grx.11 )

—j2m (ny —np)e

) 27 (ny—np)e 2
+ lgrx.al"e” K

X <|gRX,d| e K )5[11 —13].

(63)
On the other hand, E[xz[n; — [i]xj[n2 — [3]] can be
derived as

K—-1M-1

Elxaln — Wl — Bl =p1 Y Y gmlm — 1]

k=0 m=0

. nl*llz
x ghlny — 1> & K,

(64)

Now by substituting (63) and (64) into (62), E[|x}, ,,I°]
can be derived. To reduce complexity, we deploy
K—1 _jQNM . M—1 .

k0 € K = K}~ 8(nm —ny—1tK). Final
72181

derivation can be presented by IEJ] xkl/ m,|2] = pTy 0,

where 725!

w18 given in (19).

B. Elx}: yX32 1] DERIVATION
According to that E[h21 1, h21,5,] = 0, It can be easily shown

that E[},[n, ll]h*lQ[nz, 1]] = 0. Therefore, according
to (60), E[x}, ,, x;*,,] can be derived as

Li—1 M-1
E 1 *2 _ *
Xk/,m/xk’,m’ = ajaz
11,13=0ny,n;=0

x (E[hél[nl, 13 [na, la]]
+ ]E[thl[m, 01052, 13]])
x E[xa[ni — L1xpy 5l — 53]]

X folm 5 [yl 27 kIm=—ml  (65)

By considering different cases like as what we have done
in (56) and utilizing the mentioned equality for deriving
Ellx¢ p!*l Elvalny — Lilxy 5lna — 1311 can be derived.
Details are omitted for brevity. Therefore, by using deriva-
tions in (63) and (65), the final derivation is expressed as
2§R[E[Xk1,’m, X]j,?m,]] = p%T,f,]’;”l’,z, where T,g,]’;;’,z is presented
in (20).
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C. Ellx2, ;1?1 DERIVATION
Like as two previous subsections, IE[XkI, w Xlz‘,zm,] can be
written as

Li—1 -

B[t ] = lasP Y >

11,13=0n1,n,=0
A CEACRACABNS]

+ E[h% [y, 11132, 13]])
x E[xpa2lni — L 1xpy 52 — ;1]

X fulm 15 Iy le 2 km=—ml  (66)

Elxpa2lni — ll]x}‘,A’z[ng —13]] is derived in [35]. By using
derivations in (63) and (66), E[|x2 ,,|*] = piTy">. where
Tl,[3, is presented in (21)

APPENDIX E

PROOF OF (43)

We write the SINR of desired signal transmitted from SU; to
SU; (33) at ¢ iteration as I“21 o @ =F20)/G(p2(1), p1(1)),
where F(pa(1) = Y o_ 1pz(t)T2“,Z and G(p2(1), p1(1) =
o  PSOTL 5 + pIOTL Y + off . Now, we cal-
culate the approximation of F(p;(¢)) and G(pa(t), p1(1))
with affine functions at pomts p2(t—1) and p1(t — 1) as

F(pa(1) = F(pa(t — 1) + 3,,2 E(pat = D)(p2(0) —Pz(t - 1)
and G(p2(1), p1(1)) = G(pz(t - D,pc=1)+ 3,,2 G (pa(t —
D)(pa(®) = pa(t = 1) + 3[,] S (p1t = D)P1® — pi1@ = 1).
Therfeore, F,%,{m,(t) = F(pg(t))/G(pz(t), p1(®)). The final
approximated l:‘,%,l (D) is presented in (43), where

3
- 2,
Ayt —1) = Zapg Y= DT
= l)—Zap (t— DT,

Ch =1 = Zap‘f (t— DT

a=1
3
B (t—1) == (a—Dpit— DT
a=2
L oat—1) = Z(a—1)<p2(t—1)T21sa+p1(t— 1)

a=2

11,s,
X Tk,{ni,a) —i—G]:l/’m/. (67)

Similarly, f‘,l,zm,(t) in (43) can be calculated. Similar
to (67), AL, (t—1), B}, (t—1),C} (t—1),EL (t—1),
and F} (¢ — 1) are derived.
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