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Abstract—Full duplex assisted inter-cell interference coordi-
nation (fICIC) has been shown effective to mitigate the cross-
tier inter-cell interference (ICI) generated by the macro-cell
base station (MBS) to the small-cell user equipment (SUE)
in downlink narrowband heterogeneous networks. The fICIC
applies full duplex technique at the small-cell BS (SBS) such
that the SBS can forwarded the overheard ICI to neutralize the
ICI directly received at the SUE at the same time as sending
the desired signal. In this paper, we develop the framework for
the design of wideband fICIC. Different from the narrowband
system where only a single-tap forwarding filter is required, in
the wideband system the multi-tap time-domain finite impulse
response (FIR) forwarding filter needs to be jointly designed with
multi-subcarrier frequency-domain power allocation for desired
signals. A suboptimal wideband fICIC scheme is proposed in
closed form. Simulation results demonstrated the gain of the
proposed scheme.

Index Terms—Full duplex, ICIC, HetNets, OFDM.

I. INTRODUCTION

Effective cross-tier inter-cell interference coordination
(ICIC) mechanisms are critical for realizing the promised ben-
efits of heterogeneous networks (HetNets) [1]. Various ICIC
methods for HetNets have been proposed in the literature, such
as enhanced ICIC techniques in the time-frequency domain
for Long-term Evolution (LTE) systems [2] and coordinated
beamforming in the spatial domain [3]. Different from en-
hanced ICIC and coordinated beamforming techniques that
control the transmission of the macro-cell base station (MBS)
in time, frequency, or spatial domain in order to generate
an ICI-free environment for the transmission in small cell, a
full duplex (FD) assisted ICIC (fICIC) scheme was proposed
in [4,5] that does not rely on the participation of the MBS.
With the fICIC, the small-cell BS (SBS) transmits not only the
information-bearing signal it wants to send to the small-cell
user equipment (SUE), but also sends a signal to cancel the
cross-tier ICIL. In order to obtain this signal, it needs to listen
to the signal transmitted by the MBS at the same time as it
is transmitting; this is achieved by applying FD techniques.
In order to coherently combine the forwarded ICI with the
ICI directly received at the SUE, the SBS needs to implement
sample-by-sample ICI forwarding in the time domain to reduce
the processing delay, as considered in FD relay systems to
achieve co-phasing combining gain at the destination node [6].
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In other words, the SBS cannot first decode and then forward
the ICI in frequency domain because this will lead to symbol-
level processing delay.

In a narrowband system the fICIC only needs a single-tap
forwarding filter as considered in [4,5], where the processing
delay at the SBS can be easily compensated with a phase
shift so that the forwarded ICI can effectively neutralize the
directly received ICI at the SUE. In contrast, in orthogonal
frequency division multiplexing (OFDM) system the multi-tap
time-domain finite impulse response (FIR) forwarding filter
needs to be designed, where the order of the FIR filter should
be selected to ensure that the total delay of the forwarded
ICI does not exceed the cyclic prefix of the OFDM system
in order to maintain orthogonality between subcarriers. Given
the constraint on the order of the FIR forwarding filter,
we cannot obtain it by simply first applying the existing
narrowband design in frequency domain and then convert the
frequency responses into time domain. Instead, we need to
jointly design the multi-tap time-domain FIR forwarding filter
and multi-subcarrier frequency-domain power allocation for
the desired signals.

In this paper we develop a framework for optimizing the
wideband fICIC in a single-user OFDM system, aimed at
maximizing the sum rate over all subcarriers subject to the
constraints on both maximal transmit power and the order of
the FIR forwarding filter. The resulting optimization problem
is shown to be non-convex, and we propose a suboptimal
solution in closed form. Simulation results demonstrate the
effectiveness of the proposed wideband fICIC scheme even
with a small order of the FIR forwarding filter.

II. SYSTEM MODEL

Consider downlink transmission of an OFDM-based HetNet
consisting of one MBS and B SBSs, where the MBS serves a
macro-cell UE (MUE) and each SBS serves a single SUE. Due
to the large difference in transmit power between the MBS and
SBSs, in this paper we focus on the suppression of the cross-
tier ICI generated by the MBS to SUEs, which is commonly
recognized as a bottleneck to improve the spectral efficiency of
HetNets [2]. The interference from other low-power interfering
SBSs is treated as noise. With fICIC, the ICI is mitigated by
every SBS individually, which is transparent to the MBS and
other SBSs in the sense that no changes are needed for the
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Fig. 1. Tllustration of the considered HetNet layout.

transmission of the MBS and other SBSs. Therefore, in the
sequel we only consider a reference SBS and focus on the
performance of the SUE served by the reference SBS. The
system model is demonstrated in Fig. 1.

Suppose that the MBS has one transmit antenna, which
is applicable to the multi-antenna MBS with single-stream
beamforming, the FD SBS has a single transmit antenna and
a single receive antenna, and each UE has a single receive
antenna. Let hy(¢) and hp(t) denote the time-domain channel
impulse responses from the MBS and the SBS to the SUE,
hup(t) denote the time-domain channel impulse response
from the MBS to the SBS, and hpp(t) denote the time-
domain impulse response of the self-interference channel of
the FD SBS. The corresponding frequency responses on the
n-th subcarrier of the four channels are denoted by gnin, gpn.,
gMPn, and gppy,, respectively.

A. Signals at the FD SBS

By applying the FD technique, the SBS can transmit and
receive signals simultaneously. Considering the hardware im-
pairments of transmitter chains on self-interference cancella-
tion, we can express the received signal at the SBS before
self-interference cancellation based on [7] as

Up () =hap () Ozm (8) +hpp (£)O (2 (£)+2x(8) ) 415 (2), (1)

where 2y () = 3, cn Wain Svn €27/ T is the OFDM signal
sent from the MBS to the MUE with 7" and A denoting
the symbol duration and the index set of data subcarriers,
w}y, and sy, ~ CN(0,1) are the power allocation and
desired data on the n-th subcarrier for the MUE, the term
hpp(t) © (xp(t) +2x(t)) is the self-interference, zp(t) is the
transmitted signal of the FD SBS, z(t) is the transmitter noise
due to hardware impairments such as noise and non-linearities
in power amplifier with power spectral density p E{xp,} on
the n-th subcarrier, z,, denotes the frequency response of
xp(t) on the n-th subcarrier, uy < 1 is a scaling constant,
np(t) is the additive white Gaussian noise (AWGN) with
power spectral density o2, which takes into account both
thermal noises and the ICI from other SBSs, and the operator
© denotes convolution product.

Further considering the hardware impairments of receiver
chains [7], the distorted received signal can expressed as

yn(t) = Tp(t) + 2y (1), )

where zy(t) is the additive Gaussian distortion of received
signal caused by, e.g., non-linearities in analog-to-digital con-
verter, with power spectral density p,E{7,,} with g, < 1
denoting a scaling constant and %, denoting the frequency
response of §,(t) on the n-th subcarrier.

Since the transmitted signals x,(¢) is known at the FD
SBS, the self-interference hpp(t) ©2p(t) in (1) can be can-
celled if the self-interference channel hpp(¢) is estimated. The
channel response in frequency domain can be estimated as
in a narrowband system, which can be expressed as gpp, =
gppn + eppn [5], where gpp,, and epp,, denote the channel
estimate and estimation error, respectively, epp,, follows the
distribution CN'(0, 02,,) with 02, = (pux+py+pixity )| gppn >+
(1+ uy)g—i [5], and Py, is the power of training signal.

By taking the inverse discrete fourier transform (IDFT)
over {gppn }, We can obtain the time-domain self-interference
channel estimation, denoted by hpp(t) = hpp(t) + epp(t),
where epp(t) denotes the time-domain channel estimation
error. Then, the self-interference can be cancelled as

Up(t) = ) (t) — hpp(t) © 2p(t) = hup(t) © 2 (t)—
epp(t) © zp(t) + hpp(t) © 2x(t) + np(t) + 2y (). (3)

Suppose that the SBS employs a L-tap FIR forwarding
filter wy,(t) = ZlL:_Ol wiyd(t — ITs) to forward the overheard
ICI, where the order L is selected to ensure the delay of the
forwarded ICI shorter than cyclic prefix, and T is the sampling
interval. The transmitted signal of the SBS can be expressed as

2p(t) = wie(t) © yp(t = 7) + za(?), )

where 7 is the processing delay at the SBS, z4(t) =
Zne N WonSane’ 2™/ T is the desired OFDM signal of the
SUE, w3, is the power allocated to the desired signal sq,, on
the n-th subcarrier, and sq, ~ CN(0,1).

The transmit power of x,(¢) on the n-th subcarrier can be
obtained as P, £ E{|z,,|?}, where the expectation is taken
over the transmitted data s, and sq,,, noises n,,, transmitter
and receiver distortions z, and zy, channel estimation errors
epp, and self-interference channel hpp. Further assuming that
the frequency-domain self-interference channel gpp,, follows a
complex Gaussian distribution CN (0, app) with app denoting
the average channel gain,' we can obtain that the transmit
power P, satisfies (detailed derivations are omitted here due
to the lack of space)

P, =~ wd, + (|gmpn|> + 0Py + 0B |win)?, (5)

where gnipn =S gMPRWMn and wry, are the effective MBS-
SBS channel and the frequency response of the forwarding
filter wy(t) on the n-th subcarrier, respectively, and o =
02/ Py +2app (px + pty ) Teflects the residual self-interference,
in which o2 /Piy comes from imperfect estimation of self-
interference channel and 2app (px+ uy) comes from hardware
impairments. The approximation in (5) follows from p, < 1
and p, < 1, which is accurate as discussed in [7]. Thus, in
the following we simply consider that (5) holds with equality.

From (5), we can obtain the transmit power of the FD SBS
on the n-th subcarrier as

Py = ((1gwpnl*+02)|win > +wd,,) / (1=t |win|?) . (6)

' As discussed in [5], the receive antenna of the SBS can be mounted far
away from the transmit antenna to reduce the self-interference, which justifies
this assumption.



For null subcarriers with indices in A/ on which data are
not transmitted, we have wp,, = 0, wny, = 0 and gypn, = 0.
Then, (6) becomes

P, = o?|witn|?/(1 — of |wien|?), n € N. (7

Then, the transmit power constraint of the SBS can be
expressed as .~ | P, < Py, where N = || + || is the
total number of subcarriers, P, is the maximal transmit power
of the SBS, and | - | denote cardinality of a set.

B. Signal at the SUE

The received signal of the SUE can be expressed as
Yul(t) = he(t) © zp(t) + hu(t) © 2 (t) +nu(t),  (8)

where for the half duplex (HD) SUE, the impact of hardware
impairments is negligible and hence ignored as commonly
considered in the literature, and n., (¢) is the AWGN at the SUE
with power spectral density %, which includes the received
ICI from interfering SBSs and thermal noises.

With (3), (4) and (8), we can obtain the received signal on
the n-th subcarrier as

desired signal combined ICI

—_— _ i
Yun=9gPnWDnSdn+ (gMn+anwangMPn6 Jdn)SMn+

€7 gppwien (—€PPnTpn +9gPPn2xn+Npn+2yn) Hun, (9)

forwarded residual self-interference and noise

where e~79" is the phase shift caused by processing delay
at the SBS with d = 27Ay7 and A denoting subcarrier
spacing,2 JMn £ IMnWMn 1S the effective channel from the
MBS to the SUE on the n-th subcarrier, and zxpn, Npn, Zyn,
and n,,, denote the frequency responses of zy(t), ny(t), zy(t),
and ny(t) on the n-th subcarrier, respectively.

Similar to the derivations for (5), we can obtain from (9)
the signal-to-interference plus noise ratio (SINR) of the SUE
on the n-th subcarrier as

SINR, (10)
|an|2w]23n

B ‘gMn"i_angMPneijdanfn|2+|anwan|2(Pn012+02)+a2 '

III. WIDEBAND FICIC OPTIMIZATION

The optimization problem for the wideband fICIC scheme,
aimed at maximizing the sum rate of the SUE over all
subcarriers, can be formulated as

Wln{ﬁ?}i,{m} 2 nen l0g(1 + SINRy,) (11a)
s.t. Wiy = ffwlt, Vn (11b)
N s T SV

! 1 — of|wien | ’
va\,]:lpn § PO (11d)
lwien|? < 1/0%, Vn, (11e)

>The propagation delay difference experienced by the forwarded ICI and
the direct ICI is neglected because the SUE is close to the SBS.

where the constraint on the order of the FIR forwarding filter
is included in (11b), wy; 2 [wr, ..., wrr]? consisting of
the L coefficients of the FIR forwarding filter, £ € C'*F is
the vector containing the first L elements of the n-th row of
the N x N DFT matrix, and constraint (11e) limits the power
of FIR forwarding filter in case that P,, becomes negative in
(11c) due to self-oscillations at the FD PBS [8].

Problem (11) is non-convex, whose global optimal solution
is difficult to find. We can obtain a local optimal solution to
the problem by using, e.g., a gradient-based method, which
however has high complexity and is not applicable for large
L and N. In the following, we strive to find a suboptimal
solution to problem (11) in closed form. The basic idea is to
relax (11) by omitting constraint (11b) on the order of the FIR
filter, then the frequency responses {wysy, } are optimized, and
finally we approximate wy; with the obtained {wrsy,}, given
which the optimal {wp,,} is computed.

A. Optimization of Wiy

By omitting constraint (11b), given {P,,}, the optimization
of wiy, and wp,, can be solved for each subcarrier separately,
which thus falls into the narrowband case considered in [5].
For n € N, the optimal wr¢,, and wp,, are given by [5]

(12a)
(12b)

Wifp = — gMng;ngK/IPnejdnﬂna
wd,, =P, — (Pyo? + |gupn® + 02)|wien)?,

A,C2

where Bn = C?’% (An + Dn - \/(An + Dn)Z - %), An =
Pn|an|2» Bn = |an|2(Pn012 + ‘gMPn|2 + 0_2)’ Cn -
2|gmPn||9Mn||gPn |, and D, = |gun|? +o2. Upon substituting
(12a) and (12b) into (10), the opti{nal SINR can be obtained
as SINR, = %. For n € N, we have wys, = 0 and
wp, = 0 since no power is allocated to null subcarriers.

Then, we can obtain an optimization problem with respect

to P, as

xS, e los (14 123575, ) (13a)
st. N P, <Py, P,>0, Vn (13b)

where both B,, and 3, are functions of P,.

Unfortunately, problem (13) is again non-convex because
the objective function is non-convex. We can use, e.g., a
gradient-based method, to find a local optimal solution, but the
complexity is affordable only for small N. Alternatively, we
can also consider some suboptimal power allocation strategies,
e.g., equal power allocation or water-filling power allocation
under HD mode (i.e., the SBS does not forward ICI).

Given the frequency responses {wis, } in (12a), if without
the length constraint of the FIR filter (11b) and the transmit
power constraints (11c)~(11e), then one can easily find the
optimal wy; by taking the IDFT over {wr,}. When these
constraints are taken into account, however, we cannot find
the wy; with exactly the same frequency responses as {wrgp, }.
Instead, in the following we find wy, by approximating its
frequency responses to {wie, }. In order to obtain a closed-
form solution, we first omit the power constraints (11c)~(11e)



and find a wy; subject to the length constraint of the FIR filter
(11b), and then adjust the obtained wy to ensure the power
constraints are satisfied.

Considering that the performance of the SUE is directly
determined by its received signal, we therefore propose to
optimize wy by minimizing the sum mean square errors
(MSE) of the two received signals when the SBS forwards
the ICI with {wy,} and wy, denoted by §u, and Gun,
respectively.

The MSE between %,, and 9,, can be expressed based on
(9) as

€n éE{‘gun - yun|2} (14)
=E{|gpngmpne? " (witn — £ Wie)smn|? + [gpn (witn
- fy{{WIt) (_ePanpn + 9PPn2xn + Npn + Zyn) |2}

Similar to the expression in the denominator of the SINR
in (10), we can obtain the MSE for n € N as

En=|9pn*(|Gmpn >+ Puo? +0?) | wie, — £ wre 2. (15)

Forn € N, considering that gnpr, = 0, wrgn = 0and P, =0
on null subcarriers, we can obtain the MSE as
(16)

The MSE ¢, for n € N reflects the effectiveness of wr;
in forwarding ICI on data subcarriers, and the MSE ¢, for
n € N reflects the waste of transmit power of the SBS that
is used to forward noise on null subcarriers. To combine the
two effects of wy,, we minimize the weighted sum MSE, i.e.,

a7

én = 0°|gpn |7 wre|?.

min 32 e n€n + K e,

where x is the weight to balance the impact of €,, and €,.
Problem (17) can be solved in closed form as

wiv =(Zenrlgpn 2(1uen >+ Pao?+02) £ £1 +

Zﬁéﬁli02|gpﬁ‘2|fﬁf£[|) : (ZHEN|an|2 (|§MPTL‘2+
Pt +0%)unent ). (1)

We can find from (18) that the power of wy, decreases with
k. Further noting that the power constraints (11c)~(11e) will
be satisfied if wy is small, therefore a large value of « should
be selected for problem (17). On the other hand, we can see
that wy; becomes zero as x approaches infinity, in which case
the fICIC reduces to the HD mode without forwarding ICI.

B. Optimization of wpy,

Given wr;, we can update {wp,, } to maximize the sum rate
by solving (11), which can be rewritten as

(max ne 108 (1+ aatmy) (192)
s.t.zgzlfinw%n + Bn < Py, (19b)

1 1 D (|gmpnl®+0) £ wig|?
where A = ————— B = =
" n lfalz\ffzwu\z’ n 1—o?|fHwr|? ’
cC, =

|fr{{WIt|2UI2An’ and DTL = B m |§Mn +
gpngumpne 1w |2 + [gpn w2 (02 By, + 02) + 0?)

Based on the Karush-Kuhn-Tucker (KKT) conditions, we
can obtain the optimal wp,, for n € N as

2 1
“bn = 96, (Cp + 1)
\/(2Cu D+ D)2 =4C, (Cot- 1) D (Do — 5157 ) 20)

(f (2C,, Dy, + D)+

where A and {v,} are non-negative lagrangian
variables, which satisfy the complementary conditions
A (Zf:[:l A w3, + By fPo) = 0 and v,wd, = 0. For
n € N, we have wp,, = 0 on null subcarriers.

We can observe from (20) that when D,, — ﬁ > 0, then
if v, = 0, we have wj, < 0, which is infeasible. Thus, in
this case v, > 0 must hold, which leads to w?,, = 0 from the
complementary condition z/nw%n = 0. When D,, — ﬁ—n <0,
then v,, = 0 and w%n can be solved as

_(2071 + 1)Dn + \/Dr% + 4Cn(én + 1))\DAn"

wd, = @1

" 2C,(Cp, + 1)

It is clear that w?  decreases with . Then, the optimal A

can be easily found by a bisection method to make the power
constraint (19b) hold with equality.

C. Algorithm Summary

1) Initial power allocation {P,}: choose suboptimal
closed-form power allocation, e.g., equal power allocation
or water-filling power allocation in HD mode. Alterna-
tively, one can find a local optimal power allocation by
solving problem (13) for small N.

2) Relaxed {wis,,, wpy, }: given {P, }, compute {wrs, } and
{wpy} with (12a) and (12b).

3) FIR forwarding filter wi.: given {wis, }, compute w ¢,
with (18).

4) Update power allocation {wp,} for desired signal:
given wrg, if D, — ~+ > 0, wp, = 0; otherwise,
compute wp,, with (21), 'where X is found by bisection.

IV. SIMULATION RESULTS

For the simulations in this section, the HetNet layout in
Fig. 1 is considered, where the MBS is located at the center
of a macro cell with radius Ry =500 m, the SBS is located
at (80,0)m, the MUE is located at (120,0)m, and the SUE
is located at (80, 40)m, respectively. The MBS transmits with
four antennas and the power of Py =46dBm under maximal
ratio transmission beamforming, each SBS has one receive
antenna and transmits with one antenna and a maximal power
of Py=30dBm, and each SUE has one receive antenna. The
path loss follows the 3GPP channel model, namely 128.1 +
37.6log,, d for the macro cell and 140.7 4 36.7log;, d for
the small cell, respectively, where d is the distance in km [9].
A penetration loss of 20 dB is considered for the channels to
the SUE. We model the interference from surrounding SBSs
as noises. Define the average receive SNR of a MUE located
at the macro cell edge as SNRcqg, then the noise variance o?
can be obtained as 02 = Py—(128.1437.6 log;, R’z )—SNRegge



in dBm. To evaluate the impact of imperfect self-interference
cancellation for FD, we define the signal to self-interference
ratio as SIRyr = 1/0F, which is set as —110 dB [5].

We simulate a LTE system with 10 MHz bandwidth (N =
1024), where || =600 subcarriers are used for data transmis-
sion and the sampling interval is 75 = 65 ns [10]. The small-
scale channels are generated based on WINNER 1I clustered
delay line model [11]. Specifically, the channel from the MBS
to the SBS, hyip, uses the typical urban macro-cell line of sight
(LoS) model, the channel from the MBS to the SUE, Ay, uses
the typical urban macro-cell Non-LoS model, and the channel
from the SBS to the SUE, hp, uses the typical urban micro-
cell Non-LoS model. After sampling the multipath channels
with the considered bandwidth, we obtain the maximal delay
of hyp and hp as three and nine samples, respectively. We
consider the processing delay of the FD SBS as eight samples,
ie., 7 = 0.52 ps. Since the cyclic prefix of the LTE system
is 4.7 ps [10], i.e., 72 samples, we can obtain the maximal
order of the FIR forwarding filter wy, as 52, i.e., L < 52.

As pointed out in [5], the fICIC scheme requires the
channels hyp, hp and hy at the SBS, where hyp can be
directly estimated at the SBS, hp can also be estimated at
the SBS based on channel reciprocity, and hy; can be first
estimated at the SUE and then fed back to the SBS. In the
simulations, we employ linear minimum mean-squared error
estimators to estimate hyp, hp and hyr, and use analog
feedback [12] to send back the estimate of hy; to the SBS,
where the transmit power of SUE is set as 23 dBm.

In Fig. 2 we show the equivalent ICI plus noise power
(i.e., the denominator of the SINR in (10)) achieved by the
relaxed frequency-domain processing in (12) and the proposed
suboptimal time-domain processing, which is normalized by
the maximal signal power of all subcarriers. The results are
obtained under one channel realization with cell-edge SNR
of 20 dB, L = 16, and x = 50. We can see that the
proposed method well approximates the relaxed frequency-
domain processing on a large part of data subcarriers but at
the penalty of wasting transmit power for forwarding noises
on the null subcarriers.

In Fig. 3 the average data rate per subcarrier achieved by the
proposed wideband fICIC and the HD mode is shown, where
water-filling power allocation is used in the HD mode, which
is also used as the initial power allocation of the proposed
algorithm. We can see that at low SNR and small L the
wideband fICIC performs inferior to the HD mode because
of imperfect channel information and bad approximation of
the FIR forwarding filter. Yet, at medium-high SNR a large
performance gain can be obtained by the proposed wideband
fICIC scheme even for small L, e.g., L = 8.

V. CONCLUSIONS

In this paper we studied the cross-tier ICI mitigation in
wideband HetNets assisted by FD. We developed a framework
for the design of a wideband fICIC scheme and proposed
an efficient suboptimal wideband fICIC algorithm. Simulation
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Fig. 3. Comparison of average rate per subcarrier versus SNR.

results showed evident performance gain of the proposed
wideband fICIC scheme over the HD mode.
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