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Abstract—A full-duplex (FD) multiple antenna access point
(AP) communicating with single antenna half-duplex (HD)
spatially random wusers to support simultaneous uplink
(UL)/downlink (DL) transmissions is investigated. Since B nodes
are inherently constrained by the loopback interference (L),

possible, has the potential to double the spectral effigienc
instantly. The tremendous implications of FD wireless ode
will thus be not only to transform for cellular network dessg
radically and but also to double capacity, speed or number of

we study precoding schemes for the AP based on maximum Subscribers of cellular networks | [1].

ratio combining (MRC)/maximal ratio transmission (MRT), z ero-
forcing and the optimal scheme for UL and DL sum rate
maximization using tools from stochastic geometry. In orde to
shed insights into the systems performance, simple exprésss
for single antenna/perfect LI cancellation/negligible iriernode
interference cases are also presented. We show that FD prefing

However, a key challenge in implementing a FD transceiver
is the presence of loopback interference (LI) [2]-[6]. Sitice
Ll is caused by the self-transmitted signal in the transareiv
up until recently FD radio was considered practically infea
sible. This long-held pessimistic view has been challenged

at AP improves the UL/DL sum rate and hence a doubling of in the wake of recent advances in antenna design and in-

the performance of the HD mode is achievable. In particular,
our results show that these impressive performance gains neain
substantially intact even if the LI cancellation is imperfect.
Furthermore, relative performance gap between FD and HD

troduction of analog/digital signal processing solutioiis
this end, several single and multiple antenna FD implemen-
tations have been developed through new LI cancellation

modes increases as the number of transmit/receive antennast€chniques[[4]-[10]. Antenna separation/radio freque(iRiy)

becomes large, while with the MRC/MRT scheme, increasing

shielding, analog/digital and hybrid analog-digital ciitcdo-

receive antenna number at FD AP, is more beneficial in terms main approaches can achieve significant levels of LI can-

of sum rate than increasing the transmit antenna number.

cellation in single antenna FD systems. Multiple antenna LI

Index Terms—Full-duplex, stochastic geometry, average sum suppression/cancellation techniques are largely basethen

rate, precoding, interference, performance analysis.

|. INTRODUCTION

use of directional antennas and spatial domain cancaeilatio
algorithms. The implementation of single antenna FD tech-
nology with LI cancellation was demonstrated [0 [5]. The
authors in [[4] and[[6] characterized the spatial suppressio

Due to the proliferatio_n.of devipes such as smart phones. | 4t Fp relaying system. A multiple-input multiple-outp
tablets, and personal digital assistants (PDAs) and the MIMO) FD implementation (MIDU) was presented ifl [7],

ponential growth of the number of subscribers, the wor

hile [8] reported design and implementation of an in-band

has witnessed a dramatic increase in wireless traffic rgcenty. o1y hased ED MIMO system
The low-hanging fruit in terms of spectral efficiency gains FD systems find useful in several new applications that ex-

of traditional point-to-point links has reached the thé¢iosd

limits. Only incremental gains of spectral efficiency appea

feasible at this point. Thus,

ploit their ability to transmit and receive simultaneous8pme
of these examples include one-way [[11]={13] and two-way

is it possible to significantly, o . ) .
. o relay transmission_[14], simultaneous sensing/opamati
improve overall spectral efficiency of networks any further. Y ] 9

in cognitive radio system< [15] and reception/jamming for

Note that wireless nodes operate half-duplex in (HD) mode
separating the uplink and downlink channels into orthogo
signaling (time or frequency) slots. FD mode (i.e., bothinlpl

l@ﬁhanced physical layer securify [16]. Another possible ad
ntageous use of FD communications is the simultaneous

and downlink on the same channel at the same time),
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uPIink (UL)/downlink (DL) transmission in wireless system
such as WiFi and cellular networkis| [8[,_|17]=[20]. However,
such transmissions introduce LI and internode interfezenc
in the network as DL transmission will be affected by the
LI and the UL user will interfere with the DL reception.
Therefore, in the presence of LI and internode interference
it is not clear whether FD applied to UL/DL user settings
can harness performance gains. To this end, several works
in the literature have presented useful results consigerin
topological randomness which is a main characteristic of
wireless networks.

A new modeling approach that captures topological random-
ness in the network geometry and is capable of producing
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tractable analytical results is based on stochastic gegmet « Our findings reveal that for a fixed LI power,
In [17] a FD cellular analytical model based on stochastic when the internode interference is increased, the
geometry was used to derive the sum capacity of the system. MRC,,/ZF«, scheme achieves a better performance
However, [17] assumed perfect LI cancellation and theggfor  than the MRG,,)/MRT 4, scheme. On the other hand,
the effect of LI is not included in the results. The applioati by keeping the amount of internode interference constant,
of FD radios for a single small cell scenario was considered while decreasing the LI the MR{)/MRT,, scheme
in [20]. Specifically in this work, the conditions where FD performs better than the MRG) /ZF(,, scheme. More-
operation provides a throughput gain compared to HD and over, in the presence of LI, increasing the receive antenna
the corresponding throughput results using simulationsewe  number at the FD AP with the MRG, /MRT .,y scheme,
presented. I ]21], the combination of FD and massive MIMO is more beneficial in terms of the average sum rate than
was considered for simultaneous UL/DL cellular communica- increasing the number of transmit antennas at the AP.
tion. The information theoretic study presented [in][22]s ha « We compare the sum rate performance of the system for
investigated the rate gain achievable in a FD UL/DL network FD and HD modes of operation at the AP to elucidate
with internode interference management techniques. the SNR regions where FD outperforms HD. Our results
In [23], joint precoder designs to optimize the spectral and reveal that, the choice of the linear processing play a criti
energy efficiency of a FD multiuser MIMO system were pre-  cal role in determining the FD gains. Specifically, optimal
sented. Howevel [21]=[23] considered fixed user settings fo  design can achieve up /% average sum rate gain in

performance analysis and as such the effect of interfergénee
to distance, particularly relevant for wireless networkishw
spatial randomness, is ignored. Tools from stochastic gégm

has been used to analyze the throughput of FD networks

in [24]-[26]. Specifically,[[24] studied the throughput ofitti-

comparison with HD scheme in all LI regimes. However,
at high LI strength as well as high transmit power regime
(i.e.,> 30 dB), FD mode with MRG,)/MRT ) scheme
becomes inferior as compared to the HD mode. Moreover,
our results indicate that different power levels at the AP

tier heterogeneous networks with a mixture of access points and UL user have a significant adverse effect to decrease
(APs) operating either in FD or HD mode. The throughput the average sum rate in the HD mode of operation than
gains of a wireless network of nodes with both FD and HD  the FD counterpeﬂlt
capabilities has been quantified In[25], while][26] anatyze The rest of the paper is organized as follows. Sedfidn Il
the mean network throughput gains due to FD transmissigfgsents the system model and Sedfian 11l analyzes the UL and
in multi-cell wireless networks. DL average sum rate of different precoding schemes applied
In this paper, we consider a wireless network scenario i the AP. We compare the sum rate of the counterpart HD
which a FD AP is communicating with the single antenng,qqe of operation as well as some special cases in Section

spatially random user terminals to support simultaneous W we present numerical results and discussions in Selfion
and DL transmissions. Specifically we consider a Poissomtpojefore concluding in SectidaVI.

process (PPP) for the DL users and assume that the schedul@gyiation:  We will follow the convention of denoting
UL user is located! distance apart. The AP employs multipl&,ectors by boldface lower case and matrices in capital hokf
ant_enn_as and therefore_, precoding can be _applled for ProR&fers. The superscripts)’, || - ||, trace(-) and(-)~", denote
weighting of the transmitted and received signals and abajhe conjugate transpose, Euclidean norm, the trace of axpatr
LI mltlgatlon/cgncellatlon.We develop a performance 88l 504 the matrix inverse, respectivelil.{z} stands for the
and characterize the network _performance using UL.and '%'xpectation of random variable and I,; is the identity
average sum rate as the metric. Further, we present insightfytrix of size M. A circularly symmetric complex Gaussian
expressions to show the effect of network parameters sygfhqom variable: with meanu and variance? is represented
as the user spatial density, the LI and internode interferen, o CN(u,0?). Ei()) is the exponential integral [28, Eq.
(through UL/DL user distance parameter) on the average S81211.1)]. o F (-, -;;-) is the Gauss hypergeometric func-
rate. tion [28, Eq. (9.111)] and’,(+;-, ;-;-,-) is the Appell hyper-

Our contribl_Jtions are summari_zed as follqws: geometric function[[29, Eq. (5.8.2)f" (Z | 21125) is the
. We consider l_Joth LI and internode interference anlgleijer G-function [28, Eq. (9.301)] and_,(-) is Parabolic
derive expressions for the UL and DL average sum rafge,. :

: . . linder function [28, Eq. (9.241.2)].
when several precoding techniques are applied at the
AP. Specifically, precoding schemes based on the maxi-

mum ratio combining (MRC)/ maximal ratio transmission Il. SYSTEM MODEL

(MRT), zero-forcing (ZF) for LI cancellation and the Consider a single cell wireless system with an AP, where
optimal precoding scheme for sum rate maximization aggyta from users in the UL channel, and data to the users in
investigated. In order to highlight the system behavior ajfe DL channel are transmitted and received at the same time

shed insights into the performance, simple expressiogg the same frequency as shown in Fiiy. 1. All users in the
for certain special cases are also presented. Further, as
an immediate byproduct, the derived cumulative densityin a multi-cell case, the exact level of performance gap betwFD/HD
functions (Cde) of the signal-to-interference noiseasti orerations will be further determined by the amount of carctfel interference

, nerated in the network. However, inter-cell interfeeenan be reduced sig-
(SINRS) can be used to evaluate the system's UL and [ﬁ icantly in emerging networks by exploiting techniqueslsas interference
outage probability. coordination [[27].



cell are located in a circular area with radils and the AP is
located at the center. We assume that users are equipped with
single antenna, while the AP is equipped with receive and
ng transmit antennas for FD operation. The single antenna
assumption is made for several pragmatic reasons. Firstt mo
mobile handsets are single antenna devices. Second, since i
the case of multiple antennas, the capacity is unknown or at
least it will be a complicated optimization problem. Third,
single antenna user equipment is also an exceedingly com-
mon assumption made in massive MIMO and other wireless
literature. Also since we assume multiple-antenna AP, iit ca
cancel LI and provide a good rate for the UL / DL user etc.
In the sequel, we use subscripfor the UL user, subscripd-
for the DL user, and subscriptfor the AP. Similarly, we will
use subscripta, subscriptad, subscriptud, and subscriptra
to denote the AP-to-AP, AP-to-DL user, UL user-to-DL user,
and UL user-to-AP channels, respectively.

We model the locations of the DL users inside the
disk as an independent two-dimensional homogeneous REP1. system model for the FD wireless system. The AP conirates with
Oy = {xq} with spatial density\y. The AP selects a DL single antenna HD spatially random user terminals to supgiotultaneous
user that is physically nearest to it as well as an UL uskk and DL transmissions in the presence of LI and internoderfierence.
d distance away from the DL user in a random direction
of angle 3 [25], [26]. The AP selects a DL user that isd?> — 2rd cos)~/2. In the following, we will need the exact
physically nearest to it. We use the terms “nearest DL usétfiowledge of the spatial distribution of thl¢x,) in terms of
and “scheduled DL user” interchangeably throughout thepap" and §. Since we assume that nearest DL user is scheduled
to refer to this user. Selection of a nearest user is negesstar downlink transmissiongzy denotes the distance between
for an FD AP since transmitting very high power signalthe AP and the nearest DL user. Therefore, the probability
towards distant periphery users in order to guarantee dtyrualdistribution function (pdf) of the nearest distancg for the
of-service can cause overwhelming LI at the receive sida@f thomogeneous PP®, with intensity A4 is given by [32].
AP [9]. Morepver, cell sizes have b_een shrinking progreﬂyiv Fo(r) = 27r)\dre_’\d”2, 0<r< oo @
over generations of network evolution. Therefore in somé ne
generation networks each user will be in the coverage afdgreover, angular distribution is uniformly distributedes
of an AP and can be considered as a nearest {isér [31]. [A27] i.e., fo(0) = 1/27.
a benchmark comparison we also consider the random user
selection (RUS) in Section]V. Under RUS the AP randomly
selects one of all candidate DL users with equal probabilityA. Signal Model

For a more realistic propagation model, we assume that th§ye assume that the AP transmits with power and let
links experience both large-scale path loss effects andI—sm@a be its transmitted data symbol witA {|s,]>} = 1. The

scale Rayleigh fading. For the large-scale path loss, WEBES transmitted data symbal, is mapped onto the antenna array
the standard singular path loss mod&ly,y) = [lz — y| ™", glements by the beamforming, € C™*! with || w, ||= 1. It

Wher_ea 22 _denotes the path loss exponent gad-y | is_the is worth mentioning that the scheduled UL user, located,at
Euclidean distance between two nodesy Iis at the origin, g served by receive antennas from AP at the same time, and it
the indexy will be omitted, i.e.,((z,0) = f(z). In order |,cys coordination with concurrent active DL users. Theref

to facilitate the analysis, we now set up a polar coordingie received signal for the scheduled DL user is given by
system in which the origin is at the AP and the scheduled

DL user is atrg = (r,0). Therefore, we havé(z,) = (r2 +  Yd = V Pal(za)hagwisa + v/ Pul(2u, Ta)huasu + 24, (2)

where h,qg € C'*™ denotes the small-scale fading for the
2The link distanced can also be random without affecting the mainlink between the AP and the active DL user. The entries of

conclusions, since we can always derive the results by finstliioning on : : : ot :
d and then averaging ovet. The fixed inter user distance assumption carﬁla‘d follow Identlca”y and mdependently distributed (I'Dd'

be shown to preserve the integrity of conclusions even vétidom transmit CN(0,1). P, is the transmit power of the UL usét,q denotes
disata_nces. . the channel for the UL-DL user links, is the source symbol
Since UL/DL users simultaneously use the same channelneso(due to satisfying]E {|Su|2} = 1. z4 is the additive white Gaussian

FD operation), a separation distance between the userguged in order to . . . 9
avoid inter-user interference effects. This distance &ieed by an appropriate N0iS€ (AWGN) at the DL user receiver with {zaz3} = 07

scheduling algorithm, which selects UL/DL users with aafise higher than From [2) the receive signa|-to-interference-pms-no'm"gr

d. In our setup, we study a worst-case scenario where user®eated in (SINR) of the scheduled DL user is given b
the smallest allowed distance as this scenario serves agfal gglideline g y
for practical FD network design. Parametrization in termishe inter user Paf(fd)HhadthQ

UL/DL distance has also been adopted by some of the existpgrp [[20], SINRy = 7
[30). Pugual(@u, zd) + 07

®3)



where g,q = |hud|? is the channel gain for the link betweerthe more general problem of joint transmit-receive precode

the UL and DL user. design at the AP for the sum-rate maximization problem.
On the other hand, with the linear receiver vector € Before proceeding into the derivation of the average sum
Cct*m the received signal at the AP is given by rates for the specific schemes, it is useful to note that for a

Yo = /Pul(z0)wrhuasy + /Pow, Hagw; s, + Wy 2a, (4) nonnegative random variabl€, sinceE {X} = [ Pr(X >
) t)dt, the average achievable rate can be written as
where h,, € C™*! denotes the small-scale fading between

the scheduled UL user and APF[,, € C"™*"™ is the channel R; = / (1 — Foing, (e)) dt, @)
matrix between the transmit and receive arrays which repre- v . .
sents the LI[[4]. We model the LI channel with Rayleigh flat¥herefsing, (z) = 1—Pr(SINR; > z) is the cdf ofSINR; with
fading which is a well accepted model in the literatdre [3], € {2.d}, ande; = 2° — 1. Therefore, the average achievable
[]. In this model, the strong line-of-sight component o€ thfate can be calculated from the cdf of the corresponding SINR
LI channel is estimated and removed during the cancellation

process employed at the AP. Therefore, the residual imterfé. MRG./MRTq,, Scheme

ence is mainly affected by the Rayleigh fading componentMRC processing for UL signals combined with MRT pro-
of the loopback channel and its strength is proportional t@ssing for the DL signals (MRG)/MRT ) is the optimal
the level of suppression achieved by the adopted speciiignsmit-receive diversity technique in the sense thataikim
cancellation method. Since each implementation of a pastic mizes the SNR[[33]. Although MR, /MRT 4, processing
analog/digital LI cancellation scheme can be charactéiige is not optimal in presence of LI, it is favored in HD systems,

a specific residual power, the elementstdf, can be modeled pecause of its ability to balance the performance and system
as i.i.d.CN(0,02,) random variables (RVs). This parameterecomplexity.

) aa

ization allows these effects to be studied in a generic way.with MRT processing, precoding vector is given by

H H _ 2 T
Also, z, is ANGN vector at the AP WithE {z;2]} =071, MRT _ hi The MRC processing combines all the signals

i i i t 7 [hadll " . )
Invoking (4), the resulting SINR expression at the AP Calyceived from each antenna at the receive side of the AP,
be computed as

Mathematically, the combining vector can be expressed as
hla

jt)ug(xu)erhuaH2

SINR, = , 5) wMRC = . Therefore, the corresponding SINRs for the
' BleHawlFroifwl R =
alltriLaatls T lWr MRC) /MRT , scheme becomes
In the next section, we consider different schemesuor Pol(zy)||hual|?

i - SINR, = — v\ Lu)llBua 8
andw, and characterize the system performance using the UL 2T T RLHLAL|? S’ (8a)
and DL average sum rate given by L T S R e

i = Ra+ Ra, (6) SINR, — _PotallRlgl? (&b)
where R, = E{log,(1+SINR,)} and Ry = Pygual(zy, z4) + 02

E {log, (1 + SINR4)} are the spatial average rate of the UL We now proceed to derive the cdfs of the SINRs given
(r. — AP) and DL (AP — z4), respectively. Specifically, in 8d) and[(8a) so that the spatial capacity can be evaluated
we analyze the following schemes: using [7).

1) The AP adopts MRC and MRT processing OI:lf_valuation of .Ra_: In_ order to determine the cdf INR,
receive and transmit antenna signals, respectivé%@) Tth,? distribution of the RV|w)R“H,,w}'RT|> =
(MRC() /MRT 1)), % needs to be found. Note that the exact cdf

2) The AP adopts MRC and ZF processing on receive aedpression of this RV valid for anyy/n, is cumbersome
transmit antenna signals, respectively (MRFZF ), to obtain in closed-form. As such, we consider now several

3) The AP employs ZF and MRT processing orcases as follows:
receive and transmit antenna signals, respectivelyCase-1)n, = 1,nq > 1: In this case the numerator ih_{8a)
(ZF(rX)/MRT(tX)ﬂ. reduces toP,/(z,)gua Where g,, = |hu|? is an exponen-

We finally address the problem of joint optimal design dial distributed RV. Before proceeding, we need the cdf of
transmit and receive precoders at the AP for maximizing tHa||h.aw}'RT |2, which can be written as
average UL and DL sum rate. Py ||haaw)RT |2 = P, (haaw)RTw!MXTHI )

= P,(haa®diag{1,0, - ,0}®[hl,)

Ill. PERFORMANCEANALYSIS . 5
:Pa|haa,1| P (9)

In this section, the UL and DL average sum rates provi- .
sioned under different transmit-receive precoding sclseane Whereh,, € C'*"4, ®, is an unitary matrix ané., = h..®;.
evaluated and new expressions are deé)w?da then consider In @), the second equality is due to the eigen-decompaBitio

Let us denotey,, = |haa 1|?. Since the elements df,, are
o e O e e ey e e - CA'(0 03, RVS, gza s an exponential RV with parameter
However, we loave it as future work since. already MROZFw, or s Therefore, the denominator in (8a) depends of the LI
ZF (1) /MRT () can eliminate LI. channel h,,. On the contrary the numerator df_{8a) only
5Note that the rate achieved by a DL user outside the cell safiu is
zero. SNote thatw; is ang x 1 normalized column vector and has rank



depends on the UL user to AP link which is independent of tehereI'(-) is the Gamma function [28, Eq. (8.310.1)]. More-
LI channel. Hence, the numerator and the denominatdrin &Rer ¢ — (% _ +d2)2, b= B . @2, and o =
are independent. Therefore tBENR, cdf can be written as 2 2% 2 2%
(vV/RY+bR2 + c— o)/ R2.
F =1-E, ¢4 Pr{ gu > = ) . " . .
SR, (2) ! { (g = Pol(zy) gaa)} Proof: To prove this proposition, the following lemma is
124 d? —2rd cos 0)°/2 useful. The proof of Lemmil1 is presented in Apperidix A.

(10) Lemma 1. The cdf ofSINR,, for o = 2 is given by

e’} _ k _ k+1
With the aid of the pdfs for- and ¢ in (@), we can express Fyng, (z) = 1 Du 8 > (=27 Aqc) Ve (b ﬁg)
P

2
Fsinr,(z) as by 203, = T(k+1)

[Pa Gaat Un]

e_ZP(

=1-E,
! 1+2£02 (r2 4+ d? — 2rd cos 0)/2

Foing,(2) =1 — Ad (11) < P (k+1;k+1’k+1;k+2;b—\/Eg’b—\/Eg) (15)
Rc 27 )\dTrr " (T +d?—2rd cos 0)2 b+ \/E b— \/E
/ / Y dodr. Next, by using Lemmgl1, and plugging_{15) infd (7), after
L+ Z . (r® + d* — 2rdcos6)# some algebraic manipulation, the desired resulfih (14)bean
obtained. [ |

By making the variable change = arccos (%) the

integrand of [(IM1) fora = 2n n = 1,2,--- can be written
as f(y) = (142202 ym)\fy— (d )24/ (d+7)2—y - To proceed, we achievable rate of the UL user for = 4.
convert the mtegral ovey into a complex integral oveg. _
By considering a positively oriented simple closed contolf@Mma 2. The cdf ofSINR, for = 4 is lower bounded as
C such thatf(Z) is analytic everywhere in the finite plane o (—1)F(AgmR2)kH1

SINR, (2) > 1— Z

Before proceeding further, we present the following lemma,
which will be used to establish an upper bound on the

except for a finite number of singular points interior € T(k+2)
and using the factf, f(2)dZ = 2miResz—o [/ ($)] k=0
whereResz_z, (-) represents the residue &, after some X oy (17 E, k+1 +1,— 33534) . (16)
manipulations,[{71) can be expressed as 2 2 B
Proof: See AppendixB. [ |

n R. ,
FSINRa ('Yth)zl_/\dﬂ' / Te_kdﬂr Res (f(Z))d’l’, (12)
kz::l 0 Z=Zy Proposition 2. For a = 4, the spatial average rate of the UL

whereResz_z, (f(2)) = limz_,z, (£ — Z;)f(Z) and 2, = USer is upper bounded by

(F5m )we—i " | In general, the double integral if{12) ) (AamR2)F 1
does not admit a simple analytical solution for an arbitrary 2log2 Z T(k+1)
value of . However, the cdf can be straightforwardly evalu- X +1
ated using numerical integration. By substitutihg] (11pi@d), < G3 2 P 1 L1114+ (17)
after some manipulations, the exact average capacity of the Py RioZ| 1,1, k“
UL user can b}%wrg;cren as Agr Proof: By substituting the lower bound dfsng, (-) from

R, / / " Lemmd2 into[(¥), and applying the transformatipa- 2¢ —

2 1- % 705 (1?2 + d* = 2rd cos 6)/? an upper bound for the average rate of the UL user can be

~ Pa(,z E; Un _ %(r2+d272r¢icos 6)>/? expressed as
P02 Z )*(AgmR2)k+1

2 I'k+2)
xFy <_—"(r2 +d? — 2rd cos 9)a/2)> dfdr.  (13) s
P X/OO Lon (LB R Bpe )y
The following propositions characterize?, for the o yr17 2 R o)

interference-limited scenario with? = 0 and the special cases 7,

with o = 2 anda = 4. where the integrall; can be expressed[34, Eq. (17)] in terms

Proposition 1. The spatial average rate of the UL user inof the tabulated Meijer G-function as

Case-1 fora = 2 is given by 2 * 1 0
B2mAq)ET! [k - Jeo\'H Il:m/o G|y ‘ 0 (18)
= 1n202PZ k+1 /(z+1)<c—b2> 0.1_ ki
12 R4 2 ’ ; k+21 dy
_ P cTaa¥y k1
\/_ b— \/_ The above integral can be solved with the held of [34, Eq.](21)

and [35, Eq. (8.2.2.14)] to yield the desired result[in] (1M).

; _ Note that the Meijer G-function is available as a built-in
Note thatae = 2 and o = 4 correspond to free space propagation an? h | fow K h
typical rural areas, respectively, and constitute usefuinds for practical unction in many mat ematical software packages, such as

propagation conditions Maple and Mathematica.



Case-2)ng = 1,n, > 1: In this case, the cdf 3INR, can Now, by substituting[(20) and(22) int6_(119), we have
be expressed as

Foing,(2) = Epg {Pr (L < Z)} 19) Fsing, (2) =1 — F(nul)PL?" E, g { (Z(xi))nu /OOO(I+Z)nu1

7 =<
%(‘;Jr On . xe P‘H;U)Ggé <E% 11,nu0> da:} . (23)
=1-E.p {/ F,. (_) f’Yua(ZJ’_I)dI}? % Fa Ty

0 z Evaluation of [ZB) is difficult. In order to circumvent this
wherevy,, = Pol(xy) || hua || and s, = paw with challenge, a common approach adopted in the performance

huabadl P ;
has € C™X1. Moreover,F,, (-) and f, (-) denote the cdf and analysis literature is to neglect the AWGN term. Therefore,

the pdf of they,., and.,, respectively. In the sequel, we first?y USing [35, Eq. (2.24.3.1)[(23) can be evaluated as

derive the expressions fdr, (-) and f...(-), then use these L 1 1 et
expressions to derive thBsng, (2). Fonr,(2) = 1 ['(ny) P Ero ((z))™ J, v

Ly

It is easy to show thaty,, follows central chi-square . z 1 1.n
distribution with2n, d f-freeddiwhose pdf is gi xe PGy |~ | ) da
bIS nn@t; ion with2n, degrees-of-free ose pdf is given 2P | 1.ny,0
y 1 Py 0(zg) (1 — 1, 1
I — 1= o {6 (2 e )
S (@) = PEETEEDS (20) I'(ny) P,z 1,n4,0
Yua (Pué(iru))nuF(nu) )\d R. 27 N )
Before deriving the cdf ofy.,, we first note thaty,. can be =1- m/o /0 re” T
written as Pot(zs) | 1—nu1im
22 u u us Ly Ty
Y20 = Pa(w]M hoah] w!"). <R (| ) @
_ TMRCy 74 o t, MRC N _
= Pa(w; " Udiag{Anaa, 0, -+, 0}U w0, ), Proposition 3. The average rate of the UL user in the
_ |hua i |? P interference-limited case can be expressed as
S Thua P [ pR
2YZz (21) fa = —/ / / re” (25)
’ (nu) Jo Jo 0
2
whereU is unitary matrix,Y = % 7 = Pydmaz x G2 (ﬁl(p +d® — 2rdcosf)® L =ny, 1v”u) dOdrdL.
and \nq. is the largest eigenvalue of the Wishart matrix P e 1,ny,0

ha;hl,. Here, the second equality is due to the eigen-  proof: The proofis straightforward and follows from the
decomposition. It is well known that,.., ~ x3,,, [37] andY"  gefinition of R,. -

follows a beta distribution with shape parameteendn, —1,
which is denoted a¥ ~ Beta(1,n, — 1) [36]. Accordingly,
the cdf ofv,,, can be found as

F, . (w)=PrYZ < w),

Evaluation of Ry: In order to derive a general expression
for the Ry, according to[{I7), we need to obtain the cdf of
SINR4 in (88), which can be written as

Fsing,(2) = 1 = Ey,, {Pr(Pa|lhaa|®r™* > 2(lau + 07)) |7},

1
w
=] Fz (‘) Fy (y)dy, -k, Jio Z o (g to? 26
‘/O 1 y . , Id,u F(nd)'Y nd’ Pa/r ( d,u+0n) ’T ? ( )
@ ﬁ/ T (= 1) 2y (nu, z;a wx) dx, where Iy, = P,gudf(zy, x4). Note that in our system model
(nu —1) 100 X a the randomness of thg , is due to the fading power envelope
® 1 / v (= 1) 261 (L2 4g ’ L\ s 9ud- As such,Fsing,(2) can be re-expressed as
L(ny 1))y AR 0 ) = L @7)
. 2 1. ny SINRg (%) =
© 21 (Taa,, | bM) 22) T'(na)
P, 1,n,,0

. . . ) x E, {/ y (nd, iro‘ (Puxd_o‘ + Ui)) e_wdx} .
wherey(-, -) is the lower incomplete Gamma function defined 0 P,
by m Eq. (8.350.1)]. In|:(_22), the_ equality (a) fO”_OWS by Plugging [2Y) into [[I7) and using the identity [28, Eq.
subs’qtutmg:z: = 1/y. (b) IS obtalned. by EXpressing the(8.356.3)], exact average rate of the DL user can be written
function+(-, -) in terms of Meijer G-function according to [85, ;¢

Eq. (8.4.16.1)], and (c) follows with the help of |28, Eq.

oAy [ [Fe [ €t -~ 9
7.811.3)]. Ry = —/ / / rl (nd, —r* (Pud * 4o}
( 2 ['(ng) Jo 0 0 P, ( )

Remark 1._F0r n, = 1, using the equality[BS_, Eq. (8.2.2.18)] e e N dudrdt, (28)
and applying [35, Eq. (8.4.3.4)], the cdf if22) leads to _ _ _
a closed-form result for the cdf of the exponential RV withereI'(-, ) is upper incomplete Gamma function [28, Eq.
parameters2, / P,, which confirms our analysis. (8.350.2)]. Moreover, for2 = 0 (interference-limited case),
using the cdf provided in the following lemma, Propositidn 4

8In what follows, we will use the notation ~ x2,. to denotex that is presents the average rate of the DL user.
chi-square distributed witB X' degrees-of-freedom.



Lemma 3. The cdf ofSINRy, can be expressed as where

FSINRd (Z) — 2 Z (_1)k(/\d7TRg)k+l (29) IQ(Z) = / Zil 1n(1 + Z)
=0 Tk +1) ’ @ 0 1 (k+1)
RN\ P, nd,l—@ x Gy <<&> &z e ¢ )dz.
x Géﬁ ((7) P- ‘ 1 2kt ) : b d Fs ‘ 17_@’1
’ ¢ The above integral can be evaluated by expressirig in
Proof: For 02 = 0, with the help of [28, Eq. terms of a Meijer G-function[[35, Eq. (8.4.6.5)] and then
(6.451.1)], [(2¥) can be written as using [34, Eq. (21)] to yield(32). [ |

Re i 1 o Remark 2. R4 is a monotonically increasing function of
FSINRd(Z):27T)\d/ re 1+m dr. (30) 4. This can be explained by first noting thék(a,z) =
0 é/ B I'(a,z)/T(a) is a decreasing function of, whose range is
Using the McLaurin series repr(?sentatlon of the exponbntfﬂ)m 1 (atz = 0) to O (atz — o0). Also, it can be readily
function and expressingl + [(5)” £2]=1)~"¢ as Meijer G- checked that)(a, ) = Q(a + 1,2) — e~“2® /T(a+ 1) which
function with [34, Eq. (10)] and:ES Eq. (8.2.2.14)], we caResyits inQ(a + 1,2) > Q(a, ) for = > 0. Combining these
write results together with the fact thgt(a, ) has only one turning

i VE(Agm) Rt (31) point atz = a — 1, we conclude that the area under the curve

EFsing, (2 k 1) of Q(a, z) is increased when is increased.

R 2k r\e P, d It is worth noting that for the special case of = 1, the
X/O Gii <(3) EZ ’ 1 ) dr. numerator in[(8b) becomes exponentially distributed. teenc
. . : by using the similar approach as in the proof of Lenitha 2, the
Now, using [34, Eq. (26)] the desired resultinl(29) is obégin cdf of SINRy can be written as
| o0 k 2\k+1
. o (=1)*(\gRZ)
In order to gain more insight into the system parameters, wésing, (2) =1 — Z T(k+2)
study the special case of = 2 which allows a closed-form k=0 N
solution, given by ¥ o F) (17 2(k + 1)’ 2(k+1) L, LA (&) ) (34)
P, d2 « « P\ d
Foingy(2) = T(ng +1)¥ <”de’ P, 2 Ad”) ) Accordingly, substituting[{34) intd{7), we can compute the

where U(a,b,2) is the Tricomi confluent hypergeometricaverage rate of the DL user, using the following Corollary.

function defined in[[28, Eq. (9.211.4)]. By using the fac€Corollary 4. For the special case ofiy = 1, the spatial
that ¥ (a,0,z) ~ 1/T'(1 + a), for small values ofz, we get average rate of the DL user in the interference-limited case
Fsing,(z) = 1. This result is intuitive, since it indicates thatcan be expressed as

the DL transmissions are in outage, when the UL user transmit O = (—1)F(A\gmR2)kH1

power cause overwhelming internode interference at the DL d= 739 Z (k+1DT(k +2)

user (i.e.,£2 — 0) or/and internode distance is significantly h=0

u « 2 k}-l—l

decreased (i.ed — 0). % G312 b (d 11,1 2 (35)

” _ PP\ P \R) 1,14 “““) 1
Proposition 4. The average rate of the DL user in the o _ _
interference-limited case can be expressed as Proof: The proof, similar td3rop05|t|0r1]2and is omitted.

oo [ |
2[R\ P~ (=D)*(gm RO
Ra= s (B) 2y . _
a2\ d /) F= I(k+1) Outage probability: As a byproduct of our analysis, the outage

important quality-of-service metric defined as the proligbi

0.1g.1 — (k+1) ~1,0 probability can be evaluated. The outage probability is an
) ) (32)
) that SINR;, ¢ € {a,d}, drops below an acceptable SINR

RN\ P,
Gl =) =
X 05<<d) Pa

17 _17 _17 _Ma 1

Proof: The achievable rat&y can be written as threshold,y,. Mathematically, the outage probability can be
o obtained by evaluating the cdf of the received SINRyat
Ry = / log(1 4+ 2) fainr, (2)dz, (33) The following corollaries establish the UL and DL user oeétag
0

probability valid in the interference-limited case (i.€2, = 0).
where fsing, (z) denotes the pdf of th8INRy in (8H). Taking . B
the first order derivative of(29) with respect t¢ using the Corslllarytr?. E?_r the MRS’X)/MR;—(tﬁ.I.StCheTb? Xw;h.d“ n L
expression for the derivative of the Meijer G-function, gjiv 4 = ), the user outage probability withy = 1S given

. . by substitutingz = v, into (I5). Moreover, fora = 4, the
in [35, Eq. (8.2.2.32)], the pdf BINR4 can be obtained. By ° T o
plugging the result intd(33) we get d outage probability is lower bounded by substituting= 7

. into (16).
2 (RN\"P, (—=1)F(A\gmR2)k+1 o
Ry = —5 7 FZ CE) To(z), Corollary 6. The DL user outage probability is given by
3 k=0 substitutingz = vy, into (29).



The MRGq,)/MRT,, scheme does not take into accounwvhich can be written as
the impact of the LI. Therefore, the system performan
p Yy p 1 hldnz _ (had (Ind — HI wMRC

suffers under the impact of strong LI. Motivated by this, == " o

we now study the performance of more sophisticated linear x (wMRC H,, H],wiMRC) wﬂ"RCHaa) hzd)

combining schemes with superior LI suppression capability ) fi

namely the MRG,)/ZF,, and ZF,,/MRT, schemes. = (had‘I’t (I, — diag{1,0,---,0}) ‘I’thad)
- (ﬁaddiag{a 1, J}leu) ,

B. MRG.,/ZF« Scheme = ||had|?, (42)

In the MRG,)/ZF . scheme the AP takes advantage afhere ¥, is an unitary matrix,h.y = W;h.y and h.g
the available multiple transmit antennas to completelyceanis a (ng — 1) x 1 vector. Note that in [[42) the first
the LI. To ensure this is possible, the number of the transneitjuality holds becausdly, , is idempotent and the
antennas at AP should be greater than one,ng> 1. second equality is due to the eigen-decomposition. Hence,

With wMRC — ‘ZE:”, the optimal combining vectomw;, [T, 1, huall® ~ x‘g‘(nd_%- By comparing[(40b) and {8b) one
which maximizes achievable UL and DL sum rate, should i&n readily check that by replacing with ng — 1 in (29),
the solution to the following maximization problem the SINRy cdf, for the MRG,,) /ZF ) scheme, is obtained.

Pl(xy . o .
max REP =log <1 + #”huan2> Evaluation of R,: By substituting [(@l) into [{7) the
wr Tn ) spatial average rate of the UL user can be written as
+log 1+ Pal(wg)|[hagur| B\ 00 pRe p2nm
Pugudg(xm xd) + 0'721 Ra = T d / / / T€7>\dﬂr2
st [l Hwf =0, Jwil* =1, (36) ) do Jo o
O'n a
which can be further simplified as x I (nu, EtE(TQ +d* — 2rd cos 0) 2) dfdrdt.  (43)
max || h.qw;|? (37)
wi
st JwYR H,,wy|? =0, [|wy]? = 1. Evaluation of Rg4: Since the cdf of the received SINR

The solution is such that the vectar, is in the orthogonal &t the DL user with the MR(,/ZF, scheme can be
complement space oMRCH,,. The orthogonal projection extracted from Propositionl 4. Therefore, the average rhte o

onto the orthogonal complement of the column space #iye DL user under interference-limited case can be readily

wMRCH,_ is given by [38] obtained by replacingy with ng — 1 in (32) to yield
Lt iR Rom—2_(Be) RS CDMOnm
Hiwi"’¢ = tne — Haallr : “Tam2\d) P& Tkh+1)
MRC t . tMRCy~1  MRC =
x (w)™ Hoo H,wM*%) " w)"“H,,. (38) [ (RNPy | Ona—1,1 2(k;1)7_170
Therefore, the optimal solution df (B7) is given by X Gss ) P |1 1 _20+D) 4
n 1 ’ ’ ’ o 9
w?F = M (39) RemarK2 indicates that DL transmission of MR/ ZF .,
HH#,THaathII scheme exhibits an inferior performance compared to the

Having obtained the ZF precoder with MRC processing, tH4RC(r)/MRT s scheme in terms of both outage probability
received SINR at the AP and DL user can be obtained as and average rate of the DL user. This is intuitive, since

Rullw) 2 the MRGC,)/MRT allocates one degree-of-freedom for LI
SINR, = — 5= {[hus ", (40a) cancellation at the transmit side of the AP.
Paé(xd)HHirHaathHQ C. ZF4y/MRT, Scheme
SINRa = Pygual(@y, zq) + 02 (40b)  As an alternative scheme we consider MRT witfy/RT =

hi, . . .
Based on[{7), in order to study the achievable sum rate Py iS used for transmit and optimize, based on the ZF

the UL and DL we investigate the cdf GINR, and SINRg, criterion. Note that to ensure that ZF can completely nul th

respectively. Sincélh, |2 ~ X2, , we have LI, the AP should equipped with, > 1 receive antennas. In
R, ”277 this case, the received SINR at the DL user is given[by (8b).
P, (2) = 1 — Ad / / re—amr? (41) Furthermore, it is easy to show tHatNR, cdf can be obtained
’ L(na) Jo  Jo as [41) by replacing,, with n, — 1. The achievable UL and
o? DL average sum rate can be easily derived as in the case of the

n (.2 2 O\ S
< T ("“’ ZFU(T +d° = 2rdcosf) 2> dodr, MRC,. /ZF ) scheme and is omitted for the sake of brevity.

which does not yield a closed-form solution, but can be
evaluated numerically. D. Optimal Solution With the Optimal Linear Receiver

Next, we derive the cdf o8INRq4. For this purpose, let us In this subsection, our main objective is to jointly design
first characterize|Tly, gz hly|? = (Rally g T, RI,)  transmit and receive precoders so that the system achéevabl



sum rate is maximized. Specifically, the general sum raféis is a nonconvex quadratic optimization problem with

maximization problem can be formulated as guadratic equality constraint and difficult to solve. Toveol

max REP =log, (14 a1 || hagwi?) the problem in |15I1) we apply a similar approach asl[in [16]

W W to convert the optimization problerh (51) to

+log, ( 1+ azl|w: hua max trace(h,sWih!,) (52)
P||w,Hawe|]? 4 as w; @ ad
st lw®* =1, [lw,|? =1, (45) st. trace(W,(H., hush! H,, — tH! H.,)) = ;‘D—%,
— Put(zq) — _ ~ ~ ~ a

wherea, = g2 s, ay = Ryl(x), andag = o7, W, =0, trace(W;)=1, rankKW;) =1,

In order to solve the probleni_(#5), we first fio, and here W, = wth is a symmetric, positive semi-definite

optlmlze wy 10 Imgxf||m|ze tr}{ﬁ ach;?vabilael SLLJJE] r?te._rlt:lotefthat SD) matrix. Note thaf($2) is still nonconvex due to thekran
?r:ven“t’.t’ @Tt(?nyln glence esc |e\f/a € | trj €. Therelorg constraint. But we can resort to widely used semidefinite
€ optimization problem can be re-formulated as relaxation (SDR) technique to solve it. In SDR, the rank-1
asw,hy b, wl constraint is first dropped and the resulting problem besome
w, (P Hyew,w] HY; + azI)w! a semidefinite programming (SDP), whose solutldf’ can
2 be found by using the method provided in][16, Appendix B]
st |w.||?=1. (46) . . X Sl
_ _ . . _ _ . or by using appropriate solvers e.g., Gurobi. Orid&' is
Since Ioganthm is a monotonically increasing function, wgbtained, we can check if it satisfies the rank-1 constraint.
may equivalently solve, Note that, in [16, Appendix B], it has been shown that the
max w,hyahf,w! (47) optimal solution is rank-1 and hende52) and its SDR are
w,' w,(PyHawaw, Hi, + asTw) equivalent. Therefore, the optimai] of (51) can be extracted
st Jw =1 from Wp. Denoting the optimal objective value df {52) as
- " ' h(t), the achievable sum rate maximization problem can be
which is a generalized Rayleigh ratio problem. Itis wellWmo formulated as

max R, = log, <1 +

that the objective function i (#6) is globally maximized evh o a3 ,
w, is chosen ag [38] max  Reum(t) = log, ((Halh(t)) (1 t (1Pall —t))) :
w, = Ma(BHawwl By tasD™! g 53
‘ hla(P. Haywyw] HL, + asT) H Therefore, in order to solv€(45), it remains to perform a-one

Accordingly, the maximum UL achievable rate can be e)g_imensional optimization with respect to the variahle

pressed as
—1
R;nax = 10g2 <1 + aghza (PaHaawthH;fa + QgI) hua) ’
= log, (1"’0/2’113 (i—( FoHsw,) PaHaawt)T) hua |,
as

a3 +a3PawIHaTaHaawt Here, we provide a brief discussion on the implementa-
) tion complexity of the four proposed schemes, in terms of
, (49)

E. Comparison of the Proposed Schemes

= log, <1+@|hua||2 _» Pa”hIaTHaaTW”Q the amount of channel state information (CSI) required for
a3 a3 az + Pyw; Haa Haaw; their operation and computational complexity. In practite
where the second equality is obtained by using the ShernRgfiuisition of CSI involves additional signaling overhdad
Morrison formula( A+uv’)~! = A~'—(A~luwtA~1)/(1+ channel estimation, which must be considered in the design
vt A=lu) with A = I andu = v = /P, H,,w,. Therefore, Of wireless systems. On the other hand, if a large amount of
the optimization problem if{35) is re-formulated as CSl is available at the transmitting node, more sophisitat
D 5 transmission schemes could be designed to improve the trans
max  Reum = logs (1 + a1 haqwe]*) mission efficiency and to achieve a better performance. The
s , Pyl|hl, How, |2 MRC(,X)/MRT(EX) scheme has the lowest CSI requirement of
+logy [ 1+ —= { [[huall* — — the four, since it only needs the CSI knowledge of the UL and
a3 az + Paw; Haa Haaw; DL channels. On the other hand, the remaining three schemes
st flw® =1, (50) additionally require the CSI knowledge of the LI channel.
The computational complexity of the optimal solution is muc
higher than the other three methods as it involves inversion
the (high-dimension) matrices and solving a SDP problem.
Since one-dimensional optimization aloads required, [(BR)

which is still difficult to solve. Therefore, instead of selv
ing it directly, we introduce an auxiliary variable =

T 2 . .
_DLolheHuwll Then, assuming is known, we solve the
az+P,w! Hy, Hyywy

optimization {&0) as needs to be solvedV times, whereN is the number of
max ([ Pagwy || (51) quantization point or¢ if an exhaustive search alongis

Pl Hwwy |2 performed. Then with each §o|vmg [52) requires running

s.t. allTua 22Tt =t |w*=1. time of O(n}®) [39], whereny is the length ofw,. Therefore,

az + Pyw! Hl, H,aw, the total running time i$)(Nni?).



IV. BASELINES FOR COMPARISON where h,; is the ith column of H,, (ie., H,, =

In this section, in order to obtain more insight, and suppdftat; Faz, - -+ , han,]) andwy; is theith element ofw,. Then
our average sum rate results, we derive a tight upper bouffm the law of large numbers for the asymptotic large
for the UL and DL average sum rate in casengf=nq = 1. egime, we have
Moreover, we consider '_the sum rate of the MRQMRT(tX_) ihlahai 250, asn, — 00, (59)
scheme with large receive antennas due to the recent ihteres Ny
on massive MIMO technology with low complexity linearyhere-“>; denotes the almost sure convergence. As a result,
combining. We also investigate the average sum rates qug || can be reduced significantly by scaling the AP transmit
to the HD mode of operation as a baseline reference fgwer with n, together with the MRC receiver. Hence, the
comparison with the FD counterpart. average sum rate for the MRG/MRT(,, scheme with

asymptotic larger, regime can be expressed as
A. Dual-Antenna AP

2
Consider the special case of = nq = 1. In order to R0 —E {10g2 (1 + Fal(wa)[ha o )}
facilitate a closed-form analysis, we neglect the effect bf nu(Pugudl(tu, 2a) +07)
at the AP and internode interference at the DL user. The cdf +E {10g2 (1 + Pué(fu) ||hua|2) } : (60)
of the SNR, for o = 2 can be derived as On
5\ "1 —2ard? where [32) (after replacing®, with P,/n,) provides an
FsnRr,(2) =1 — (1 + 1/)_) e (54) expression for the first expectation term in the interfeeenc

limited case. Moreover, the right hand side expectatiomter
wherey, = f—;)\dw. Therefore, by usind{7), an upper boungs given by [4B).

on the average rate of the UL user is
-1
R, < % (i _ 1) . C. Half-Duplex Mode
n2 \ Y 5 ) In this subsection, we compare the performance of the HD
" (El (/\dﬂd ) _E, (%x\dwd )) . (s5) and FD modes of operation at the AP. In the HD mode of

L =y 1=y operation, AP employs orthogonal time slots to serve the UL
Similarly, by neglecting the tern®,g,4¢(zy, z4) in @), a and DL user, respectively. In order to keep our comparisons

valid assumption forP,d~* < 1, we obtain fair, we consider‘antenna conserved(AC) and “RF-chain

1 (1 n ZA_dﬁ)*l o2 c_onserved"(RC) scenarios whi_c_h are adopted in the existing

Fsng, (2) = d ’ (56) literature [7]. Under AC condition, the total number of an-

’ L JEetp (\/@) o= tennas used by the HD AP and FD AP are kept identical.

2 > However, the number of RF chains employed by the HD

whereyy = Z:(\47)2. Hence, the UL user average rate i@AP is higher than that of the FD AR1[7] and hence former
upper bounded as system would be a costly option. Under RC condition, thel tota
N -1 \ number RF chains used HD and FD modes are kept identical.

(w"—: - 1) log (ﬁ) a=2, Therefore, in DL (or UL) transmission, the HD AP only uses

Rq < n2 o 1 b Y Ve ng (Or m,) antennas under the RC condition, while it uses

fO z+1 \/;e =D 3 )dz a=4 ng + n, antennas under the AC condition.

(57) The average sum rate under the RC condition, using the

. i .
It is worthwhile to point out that the corresponding outageeight vectorw,'R¢ = HZ:ZH for the MRC receiver, and the

probability of the UL and DL_ tra_msmlssu_)n with, =ng =1 MRT precoding VectowyRT _ HZL” can be expressed as

can be determined by substituting= v, into (54) and[(5b), ad

respectively. REDTRC =6E {log, (1 +snra rcl(za)[|Paal|®) }

+(1 =0)E {log, (1 +snryrcl(zy)||hel?)}, (61
B. MRG,,)/MRTy, Scheme With a Large Receive Antenna ( ) { 82 ( ] Ret( )_” o)} ¢ )
Array whered (0 < 6 < 1) is a fraction of the time slot duration

. of T, used for DL transmissiorsnrg rc = PHP~RC¢/52 and
In the MRG,,,/MRT 4, scheme LI plays a major role tosnru,Rc _ PHD-RC/52 \where PHD—RC and PHD-RC are the

limit the performance. Motivated by this and the develoDmentransmit power of the AP and UL user, respectively, in the
in the area of massive MIMQ [40], we now consider the Cages BC mode ’ ’

of large recelve array as a simple way of removing the ef-feCtUnder the AC condition, the average achievable rate can be
of LI [L3]. It is interesting to observe that for any finitg, as
) : eépressed as
ny, grows large, the channel vectors of the desired signal an
the LI become nearly orthogonal. Therefore, the MRC receive Rin, A =5E {log, (1 + snrq acl(za)||had?) } (62)
can act as an orthogonal projection of the [13_]. Note that + (1 — O)E {log, (1 +snry acl(@y)||hual®) }
from (@), the received SINR at the AP can be written as HD_AC HD_AC
wheresnrg ac = P! /o2, andsnryac = P! /o2,

2
_ P“fﬂ(scu)”w?“h“a” . (58) WwhereP!'P~ACand P'P~AC are the transmit power at the AP
Pyl [wiRChg|Pwy + of [lwy |2 and UL user, respectively.

SINR, =
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Fig. 2. UL and DL average sum rate verstifor the FD and HD AP Fig. 3. Average sum rate versug,. § is adjusted to support the same

(ng = ny = 1, andd = 25 m). Simulation results are shown by dashedamount of traffic for both DL and UL usersi{ = n, = 3).
lines.

) ) ) and DL average sum rate. Specifically, we compare the per-
Using [43) with change of variables, the second expectatigftmance of different precoding schemes investigated i+ Se
of (1) and [GP) can be obtained. Moreover, after somgyn [Mlin terms of the achievable sum rate. Unless otheewis
algebraic derivations, we get stated, the value of network parameters are: 2, R, = 200
‘ N m, and \q = 1 x 1073 node/m. The state-of-the-art work
E {1Og2 (1 +snra,if ()| Badl )} n has demonstrated that LI can be significantly suppressed via

2 1 »
aln2T(ng)

00 (—1)F (Agm R2)F+1 . 2 1— 2(1@:1)70’ 1 combination .of various analog and digital technigues [5. A
Yot G| =R stre1) | » SUch, the typical values 6£01 (—20 dB) ando.1 (10 dB) for
k=0 (k+1) by 0,7m¢,0, === o2, are used in the simulations. Moreover, with curves shown

aa’

in Figs. 5-9, we assume that the total power of the AP and UL

wherei € {RC, AC} and under RC and AC conditiong = ny  USer for FD and HD modes are the same. The curves in Figs.
andn; = ng + ny, respectively. 2-9 were plotted using the developed analytical expression

We end this section with the following remarks. In general Section[Ill except in the cases for MRG/ZF ) (with
the corresponding SNRs for DL and UL transmissions in HPd; 2s > 1) and optimal where we have used simulations.
mode are larger than those of in FD mode. However, although
HD mode does not induce LI and internode interference, it
imposes a pre-log factaf on the spectral efficiency. Since,A. Effect of Resource Allocation
most of the results contain Meijer G-functions, a direct eom .

. . In Fig.[@ we compare the UL and DL average sum rate
parison of the average sum rate of the FD and HD modes_is . .
. ; . a$ a function ofs for the FD and HD modes of operation
challenging. Nevertheless, let us consider the achievaliée Here n n 1
1 d = u =

region of both FD and HD modes. The rate region frontierasnd for two different values 0.

can be found by sweeping over the full range ofl0, 1], IS used for FD operation and also the MRG/MRT

while total energy of the AP and UL user for FD and Hﬁcheme is studied for the HD-AC mode. The total energy

modes are the same. From](61) ahdl (62) we observe that ?ﬁgsumpnon for both the FD and HD modes is the same and
. . . . we plot the UL and DL average sum rate for two different
achievable rate region of the HD mode is a linear decreasin : .
i . er constraint{ P,, P,) = (25 dB,25 dB) (symmetric)
function of §. On the other hand, by modeling the FD networand (P,, P) = (25 dB, 12 dB) (asymmetric), respectively. In
as a two-user interference channel aslin [41], frontier ef th & ' Y , resp Y.

achievable rate region o, and Ry (defined in [B)) through particular, numerical results lead to the following corsatuns:
. 1) As expected, the UL and DL average sum rate under the
the power levels 0f P, and (1 —0)P,, are convex (concave in

L RC condition is worse than those of other cas®sin the
case of MRG /MRT () scheme with high LI strength) [41] asymmetric case, FD operation outperforms HD within the

with the same extremity points in the frontiers as HD system.ractical ranae of. However. in the symmetric case. HD-AC
This observation indicates that with the ideal choice of tHg g ) ' y '

. ) . . ondition achieves the best performance evernsfgr= 0.01.
linear processing scheme as well as the time fraction, t It is clear that the symmetric case is more vulnerable to the
potential gains of the FD mode over the HD mode can b y

alwavs exploited strength of the LlI.
4 P ' In Fig.[3, we plot the UL and DL average sum rate of the

FD and conventional HD system versus self LI channel gain

o2, for ng = n, = 3 andd = 25 m. In order to guarantee
In this section, we evaluate the system performance atiet fairness of DL and UL users, is numerically adjusted

elucidate the effect of system parameters on achievable i support the same amount of traffic for both DL and UL

(63)

V. NUMERICAL RESULTS AND DISCUSSION
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Fig. 4. UL and DL average sum rate versBs for nearest user selection Fig. 5. UL and DL average sum rate verséifor FD AP and HD AP.
(NUS) and random user selection (RUS)(=n, =1,d=25m, P, =10 (ng =n, =5, 02, = 0.01, and§ = 0.5).
dB, ando2, = 0.1).

users, while the average sum rate is maxinﬁzétg.lfi depicts interference effect becomes weak a performance gain of
that with appropriate choice af, the FD mode outperforms up to twice (foro2, = 0) that of the HD mode can be
its HD counterpart as long as the LI is sufficiently canceled. obtained.

Note that in case of MR, /MRT ), 4 is decreased as, is « Observe that there clearly is an optimal location for UL

increased, while in other caséds constant. This is intuitive, user placement around its corresponding DL user for
since the uplink average rate is degraded when the LI sthengt maximizing the sum rate of each precoding design at FD
is intensified. Therefore, to guarantee the fairnéssust be mode of operation. At this optimal point, both DL and UL
decreased which lowers the residual LI power at AP (i.e., transmission are fairly supported by the AP, whereas the
S P, ||w,H,,w;||?) and consequently increases the SINR. internode interference is not overwhelming. Nevertheless
Fig.[4 shows the UL and DL average sum rate veiufor in the case of the MRG,)/MRT 4, scheme, under the
the nearest DL user (to the AP) and UL user#figr=n, = 1, symmetric power constraint the HD mode outperforms

o2, = 0.1 andd = 25 m. The UL and DL average sum rate of ~ the FD mode at this optimum location.

the RUS scheme is also included as a benchmark comparison. We observe that FD transmission with the
Moreover, the upper bound is plotted usirig](55) ahd (57) MRC,/ZF, scheme can significantly increase
with P, = 10 dB for the nearest UL user and the DL user, the achievable UL and DL sum rate. However, @&s
respectively. We see that the analytical bound providesya ve  increases, the curves for the FD mode intersect and the
tight bound on the UL and DL average sum rate. Furthermore, MRC,,,/MRT,, scheme surpasses the MRE/ZF

as expected, we see that the nearest user selection (NUS) scheme. This trend can be justified by noting that the

scheme outperforms the RUS scheme. effect of DL transmission for this simulation setup is
more dominant than the UL transmission. We recall
B. Effect of Internode Interference and LI that whend is increased orP, is decreased (i.e., the

asymmetric power constraint cas8)NR, is degraded
for both the MRQ,X)/MRT(tX) and MRqu)/ZF(tX)
precoding schemes. On the other hand, since the MRT
precoder is optimal in sense of maximizing tBENRg,

it is not surprising that MRT precoder attains a better
performance than that of the ZF.

We investigate the impact of internode interference and LI
on the average sum rate of the system taking into account two
scenarios based ahand o2, as follows: First, the internode
distance is increased, while the LI power level is kept camist
at —20 dB (02, = 0.01). Fig.[3 plots the average sum rate
against distancd between the UL and DL user achieved by
the FD and HD modes of operation and for different precodirigext, we fix the distance between the UL and DL users
schemes. Herepq = n, = 5 antennas are deployed at ARo bed = 25 m and let the LI power increase from30
and two different power constraint are considered. Reswats dB to 20 dB. In Fig.[6 we plot the average sum rate gain,
shown here for HD-RC showed an inferior performance aghich is defined as7(FD,HD;) = (RFD — RHD—%)/RFD
compared to the HD-AC case. versuso2, and forng = n, = 5 andd = 0.5. The average

« It can be seen that for largé the average sum rate ofsum rate gain of the interference-limited FD mode with the

the FD mode is higher than that of the HD mode. Th¥RC,)/MRT,, scheme is also included for comparison
effect of larged on the sum rate is visible as the internodédashed line curves). A general observation is that the FD
mode with the MRG,,/ZF . scheme significantly and con-

9Please note that, in order to strike a balance between nmrgnthe sistently outperforms the HD counterpart in all regimes of
system average sum rate and maintaining fairness among, uber idea

of proportional fair scheduling can also be applied to ownfework. We LI- Nev_erthele_ss! when the LI is lowsf, < —22 dB) sum
postpone this problem to our future work. rate gain achieved by the MRG /ZF,, scheme appears
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Fig. 6. Average sum rate gain of the systeny (= nu = 5, d =25 M, Fjg. 7. UL and DL average sum rate versus transmit power feri and
P, = P, =25 dB, ands = 0.5). HD AP and for different LI strengthsuy = n, = 5, d = 25 m, Py = 0.5P%,
andd = 0.5).

to be limited when compared with the MRG/MRT,) C. Effect of Antenna Number and Configuration
scheme. This is due to the fact that, when LI is substantially \ye ¢onsider the influence of transmit/receive antenna num-

suppressed, the same SINR yields at the AP for both schen’tﬁﬁ, and also the antenna configuration at the FD AP on
As such, both schemes achieve a similar average rateyil ,chievable UL and DL sum rate. Fig. 8 compares the
the UL channel. On the other hand, since MRT processigg,qmission rates for FD and HD AP in the cases of fixed
is the ppt|mum precoder for_ SNR maximization in absen?ﬁternode interference and LI power level as a function ef th

of the interference, the received SINR at the scheduled mber of transmit/receive antenna at the AP. As expected
user (and consequently the DL user average rate) is Slighfly severe LI conditions, since ZF precoder can completely

higher than2th§t of the ZF precoder. Moreover, we ObSery& o the LI, the relative performance gap between the
that whenoy, increases, the average sum rate gain of the

h q h in | ARC () /ZF ) scheme and the other schemes is notable. In
MRC(,)/MRT s scheme decreases. The sum rate gain 0S$&rticular, the relative gap between the FD and HD curves
more pronounced, whes, > —15 dB, as foroZ, > —10 dB

aa = gradually increases when the number of antennas increases.
the HD-AC mode outperforms the FD mode (for asymmetnﬁ,\:

: g th . Phis observation reveals that deployment of large number of
power case, please see Fig. 7.). Now, comparing the optimg| eFLmas is beneficial to the performance. The UL and DL

sr?hemg anlddoth_er precodmrg];_ schemes, we slee thaté?as egp%g}g ge sum rate of the optimal precoder design is alseeglott
the optimal design can achieve respectively, uB1o and completeness of comparison. It can be seen that optimal

47% average sum rat_e gains in_comparison with HD"A_‘ recoder yields the best performance among all schemes.
and HD-RC schemes in all LI regimes. Note that dependi gFig. shows the UL and DL average sum rate versus

on transmit powers and LI strength, the MW/MRT(W) transmit power for the MR(,) /MRT 4, scheme for an asym-
scheme is prefgrred over Fhe MRG/ZF ) design and vice metric power allocation case, i.ef, = 2P,. We compare
versa. The critical factor is the LI level. If all other fac$o .. =5 and HD modes for four different transmit/receive
are fixed, the MR@X)/ZF(tX_) SQCheme2 always outherf(_)rms the, tenna pairsing, na] € {[1,1], 2, 1], [1,2], [2,2]}. We also
MRCW/L\Q?&Q/aﬂ?me ";%aj(;Rg;;#g’ whereog, o is the j;ciuded the benchmark performance achieved by interéeren
root of Rsum = Reum : limited assumption for the first three antenna pairs. This

Fig.[d shows the UL and DL average sum rate versus thesults implies that the achievable rate given by Propmoi,
transmit power, where the AP transmit power level is twicBroposition[#, and{25) are good predictors of the system’s
that of the UL user, i.e., we consider asymmetric power cageim rate. An interesting observation that can be extracted f
We compare the FD and HD modes for different levels of LFig. [d is that, increasing the receive antenna number at the
Hereng = n, = 5 antennas are deployed at the AP ahis FD AP is more beneficial to the UL and DL average sum
set to be25 m. We also plot the curves for the UL and DLrate than increasing the number of transmit antenna element
average sum rate of the interference-limited FD mode wi¢h tfror example, the relative performance gain[bf2] scheme
MRC,,)/MRT 4, scheme, as a performance upper bound. Aser [1,1] is more than that off2,1] scheme overl, 1],
expected, it can be seen that this upper bound is inverselpecially at high transmit power levels vf25 dB. As noted
proportional to the average strength of the LI channel. Morbefore, this can be explained by the fact that by doubling
over, when transmit power is increased, the MREZMRT .,y  the number of transmit/receive antenna number at the AP, the
sum rate saturates to the corresponding upper bound, amanerator ofSINR, (8d) andSINR, (80) is increased in the
reconfirms the correctness of our analysis. This observatisame proportions. However, by doubling thg the LI at AP
simply means that the LI cancellation mechanism should eboosted, leading to a decreaseSIlNR, and consequently
highly effective in the FD mode to compete against the HDin the average sum rate.
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 CONCLUSION With the help of [28, Eq. (3.661.4)], and making the change

f variabler? = v, we obtain
The performance of a wireless network scenario in which

R? — A4V
a multiple antenna equipped FD AP communicates with Fag, (2) =1 — Py g e e . (65)
spatially random single-antenna user nodes in the UL and ° P, z0% Jo Vo2 +2bu+c

DL channels simultaneously has been analyzed. In particuf@o the best of our knowledge, the integral [1](65) does not
we considered precoding schemes based on the princigei#nit a closed-form solution. In order to proceed, we use
of MRC, MRT and ZF and studied the system performanGaylor series representation |28, Eq. (1.211.1)] for thente
in terms of the UL and DL average sum rate. Further, we 7™ and write

have considered the problem of optimal precoding design for P, g (—=Agm)* R? vk
the UL and DL sum rate maximization and reformulated thESINR, (2) =1 — nga 1 / \/mdv
problem as a SDP, which can be efficiently solved. Analysis k=0 (66)

and simulation results demonstrated the superiority of the
optimal precoding scheme over the MRC/MRT and MRC/ZR change of variable/v2+2bv+ c =vt++/c, and after some
schemes. We further studied the effect of resource allmeati manipulations,[{86) can be expressed as

LI and internode interference, and antenna configuration on Py ATt Ag o= (=Agm)* [2 (b — \Jct)¥
the system sum rate. We found that the MRC/MRT schemdsing, (2) =1 — P. 202 A 21 k+1dt
a ZUaa k=0 . % ( )

can offer a higher UL and DL average sum rate compared to
the MRC/ZF scheme, when the LI is significantly canceleinally, using [29, Eqg. (5.8.2)], we arrive at the desiresute
or the internode interference is weak enough, and vice ver§&en in (13%).
Furthermore, we observed that the performance gap between APPENDIX B
the FD and HD modes can be further increased by deploying PROOF OFLEMMA 2
more transmit/receive antennas at the AP. As for future re- .

. - Following (11), theFsng,(2) corresponding tax = 4 and
search work, the performance gains due to FD transmission |51 2

. : = 0 can be written as

setups such as heterogeneous network architectures wigmi” "

d4u
FD/HD mode operation, cooperative relaying and MIMO may'sing, (2) =1 — S0P, (67)
be characterized to further establish the viability of tisage o Coagmr?
of FD terminals. X / / e dldr.
yox 2012 +(r?2 4+ d? — 2rd cos 0)?
APPENDIXA By using [28], the inner integral can be obtained as
PROOF OFLEMMA [T] V271 APy
Following (I1), theFsiwg, (z) corresponding tay = 2 and Fong, (2) = 1= — o2 P, (68)
=0 is given by re—Aamr? 1 1
P, 1 [l / ( ) dr,
=1-= \/CO r) \/
Fsing, (2) 2 20323/0 (64) \/ (r
2m Agre e whereco(r) = bO( )—bl( ) ba(r), ca(r) = bo(r )—52( ),
X/ 7 T d— ord ededr- andcy(r) = bo(r)+b1(r)+ba(r), With by (r) = P,/ (Pazo2, )+
S racos (r24 d2)2, by (r) = 4rd(r2+ d2), andby(r) = 4r2d>. We can



simplify the above integral in the case @ 0. Hence, after
a simple substitution? = v, (68) can be written as

2
m APy [Be e N
- 517 dv. 69
SINR, (2) z 02 P, /0 v+ —fig 2 ) )

[17] S. Goyal, P. Liu, S. Hua, and S. S. Panwar, “Analyzing Bduplex
cellular system,” inProc. 47th Annual Conf. on Information Sciences and
Systems (CISSBaltimore, MD, Mar. 2013, pp. 16.

[18] M. Vehkaper a, M. Girnyk, T. Riihonen, R. Wichman, andRasmussen,
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In order to simplify [69), we adopt a series expansion of the _(BlackSeaCom)Batumi, Georgia, July 2013, pp. 7-11.

exponential term. Substituting the series expansioa 9f™
into the [69) yields i
RS /Rc ot
P, zo2, — 0 v2+% ﬁ

Let us denotes = £ L.

(v/Rﬁ)2 = t, we obtain

1)]“()\d7r)k+l

I dv.

Fsing, (2) > 1~

k

0 (=1)k(AgmR2)k+1 Loygt
Fsing, (2) > 1~ < dt. (70)
kZ:O 2k! 0 1+ 2t

Now with the help of[[28, Eq. (9.111)] the integral in{70) can

be solved to yield[{16).
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