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Abstract—This paper characterizes, through a stochastic ge-
ometry analysis, the increase in spectral efficiency that full-
duplex transmission brings about in wireless networks. While,
on isolated links, full-duplex promises a doubling of the spectral
efficiency, in the context of a network this is weighted down by
the corresponding rise in interference, and our characterization
captures the balance of these effects. The analysis encompasses
both the forward link (FL) and the reverse link (RL) with single-
user and multiuser transmissions. And, as a complement to the
analysis, Monte-Carlo simulations on a Vodafone LTE field test
network are also presented.

In the FL, the rise in interference is found to have minor
impact and a doubling in spectral efficiency can indeed be
approached, especially in microcellular networks. In the RL,
however, a major difficulty arises in the form of exceedingly
strong interference among base stations. This renders full-duplex
transmission all but unfeasible in macrocellular networks (unless
major countermeasures could be implemented) and undesirable
in dense microcellular networks. Only in microcells with sufficient
spacing among base stations does RL full-duplex pay off. Thus,
full-duplex is seen not to blend easily with densification.

Index Terms—Full-duplex, half-duplex, cellular networks,
stochastic geometry, interference, spectral efficiency, MIMO

I. INTRODUCTION

ELF-INTERFERENCE cancellation, long unfeasible, is
S now becoming possible thanks to advanced combinations
of analog and digital techniques [1]-[4]. Among the vari-
ous self-interference cancellation architectures being proposed
stands the one in [4], which provides the highest isolation
(up to 110 dB) between the transmit and receive chains
for a single antenna. Although this technology is still in its
infancy and challenges need to be addressed in relation to
its form factors and robustness, it has the potential to enable
many new applications in the wireless landscape. Examples
are flexible RF filtering for easier and more agile spectrum
management and simpler device front ends, self-backhauled
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relays that simplify network deployment, adjacent channel
interference suppression for better coexistence, and higher
resource utilization efficiency in cellular systems [5]-[7]. The
latter refers to full-duplex wireless communication, which
allows simultaneous transmission and reception on each time-
frequency channel and which is the focus of this work. In
addition to potentially doubling the spectral efficiency and
reducing the end-to-end latency, full-duplex communication
can offer solutions to problems such as hidden terminals,
decoupling of FL (forward link) and RL (reverse link), and
spectrum sharing [8]. Given the growing prevalence of mul-
tiantenna transmitters and receivers, it is desirable to further
have full-duplex architectures featuring MIMO (multiple-input
multiple-output), and indeed a MIMO full-duplex platform has
already been prototyped [9].

By pushing the self-interference below the noise level, it is
possible to achieve a near-doubling of spectral efficiency for
an isolated link. However, this may not extrapolate to wireless
networks where every transmitter in the system interferes with
every receiver. The question then arises of whether, and by
how much, full-duplex is beneficial over the standard half-
duplex, and this question is precisely what motivates this
paper.

Initial studies of this issue are presented in [10]-[15],
where the average performance of full-duplex schemes has
been characterized in wireless ad-hoc networks [10], [11],
cellular networks [12]-[14], and heterogeneous networks [15].
Stochastic geometry is the toolbox invoked in all these studies,
which allows for models that are both amenable to analysis
and highly representative of the heterogeneous structure of
emerging wireless networks.

In this work, we seek to further advance the understanding
of the matter by incorporating aspects that were missing in
those pioneering studies and that turn out to have major impact
on the conclusions. A first such aspect relates to the pathloss
exponent. Prior works [13] model the pathloss at a distance
r as Sr~" where 7 is the exponent while /3 is the intercept,
defined as the pathloss at a unit distance; this single-slope
model is inadequate to represent the pathloss among BSs,
which as we shall see is critical in full-duplex networks, and
a multi-slope model is much more adequate. A second aspect
that is ignored in prior works, because of the complexity that it
brings into the analysis, is MIMO. In addition, most previous
stochastic geometry analyses characterize network coverage or
outage on the basis of the instantaneous signal-to-interference
ratio (SIR). Nowadays, however, ergodic performance met-
rics obtained by expecting over the small-scale fading are
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operationally much more relevant because codewords span
many fading realizations in frequency (because of the wide
bandwidths), in space (because of the multiplicity of antennas)
and in time (because of hybrid-ARQ) [16]. It is therefore more
meaningful to focus on the local-average SIR and the ergodic
spectral efficiency. This altogether motivates the analysis of
full-duplex wireless networks that we present here, with the
following contributions:

« We provide a unified stochastic geometry framework that
encompasses both FL. and RL in full-duplex cellular
networks, with each BS serving multiple users on each
time-frequency channel. In a preliminary version of this
work [17], full-duplex performance was evaluated with
single-antenna transceivers. In this paper, we extend the
results in [17] to MIMO.

o By leveraging the analytical potency of stochastic geom-
etry, we derive expressions for the system-wide distri-
butions of local-average SIR and for the ergodic spectral
efficiencies. We also obtain the spatially averaged spectral
efficiencies in integral forms, which serve to gauge the
system-level benefits. And, to complement the analysis,
we conduct Monte-Carlo simulations on a Vodafone LTE
field test network.

o We establish that, without serious additional interference
management, full-duplex macrocells are not viable be-
cause of the strong interference among macro BSs.

o We show that, in microcells, full-duplex can yield close
to the expected doubling in spectral efficiency in the
FL. In the RL, and in absence of additional interference
management, the BSs must be deployed with a certain
minimum spacing in order to reap the benefits of full-
duplex. This minimum spacing is considerable, and thus
full-duplex is regretfully seen to be rather incompatible
with densification.

The above observations are made under the premise of
balanced traffic in the FL and RL, which is a reasonable
assumption because of the increasing popularity of video
uploading to social networking sites and recent growth in
online storage services.

Notation: I'(-) is the Gamma function, ['(-,-) is the lower
incomplete Gamma function, E,(¢) = [~ %dt is an
exponential integral, £4(-) denotes the Laplace transform of
A, and N¢(a, A) denotes a complex Gaussian random vector

with mean a and variance matrix A.

II. NETWORK MODEL

We consider an interference-limited cellular network with
both BSs and users supporting bidirectional communication,
and conduct the analysis separately for FL. and RL. Equipped
with N antennas, each BS communicates independent signal
streams to N single-antenna users. Each receiver has an
estimate of the fading of its intended link(s), both in the FL and
in the RL. Advantageously in full-duplex, because of channel
reciprocity each BS can further utilize its RL fading estimates
to serve its user(s) in the FL. Since the penalty caused by the
application of pilot-assisted fading estimates in lieu of perfect
estimates has been shown to be marginal [18], we assume

the fading estimates to be perfect. An explicit account of the
pilot overhead incurred to gather these estimates would equally
affect half- and full-duplex systems, not having any bearing
on the benefits of the latter over the former.

A. Forward Link

In the FL, the receiver under consideration is a user and
the transmitter is the closest BS. The BS locations {by} are
modeled by a homogeneous Poisson point process (PPP),
®, C R?, with density \,. If the users are associated with
their closest BSs, then the user locations are dependent on their
serving BS locations and violate the PPP condition from the
typical-user viewpoint. Faced with this obstacle, we borrow
a modeling assumption that is shown to be tight in [19]
and whose validity for our purposes is examined later in the
paper: the user locations {u;} belong to another independent
homogeneous PPP @, with matched density, i.e., A\, = N\,.

B. Reverse Link

In the RL, the receiver under consideration is a BS and
the intended transmitters are the /N closest users. Borrowing
techniques from [20], [21], the analysis could be extended to
incorporate RL power control and relax the constraint that the
intended transmitters be the closest users. While quantitatively
very interesting, this extension is not expected to modify the
qualitative conclusions because the performance of full-duplex
in the RL is mainly limited by the strong interference from
the BSs.

The aforementioned model can be viewed as a full-duplex
network (cf. Fig. 1), where each BS simultaneously commu-
nicates with the strongest N users in both FL. and RL, yet the
user distribution is equally favorable for both half-duplex and
full-duplex.

To facilitate the readability of the equations, we place —
and < markers atop the FL and RL variables, respectively.

III. SIGNAL AND PROPAGATION MODELS

User antennas are unit-gain while BS antennas have a gain
G,. We denote by P, and P, the transmit powers of BSs and
users, respectively.

A. Forward Link

The isolation between the transmit and receive chains is not
perfect. Depending on the hardware complexity, form factors
at the transceivers, and various imperfections, there may be
residual self-interference that acts as additional noise [4].
We introduce ¢ to model the residual self-interference as a
function of the transmit-receive isolation, itself denoted by «.

By Slivnyak’s Theorem [22], we consider a receiving user
at the origin and focus the analysis on its link, indexed by 0.
This link, whose user and serving BS are respectively located
at ug (the origin) and by, serves as the typical link in the
network (cf. Fig. 1a). The user at uy observes

. | B - " -
Yo = ﬁbiﬂ Tuon,;,o Ry o Voo Sb + 20 (n
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(b) Reverse link

Fig. 1: Full-duplex cellular network realization. In the FL, the receiver under
consideration is a user (located at ug) and the transmitter is the closest BS
(located at bg) while, in the RL, the receiver under consideration is a BS and
the intended transmitter is the closest user. BS and user locations are indicated
by o and 4 markers, respectively. In this example, for illustrative purposes,
>\b = )\“.

whose first term is the signal from its serving BS while the
second term is the aggregate interference

o0
| P,
- -n *
Zo = WGLB T o be Pow o Vor Sbi

k=1

+ )\ PuBurugliy Mgy Su, + Yo )
j=1

where the first summation spans the interference from other
BSs, @, \ {bo}. and the second summation spans the inter-
ference from other users, ®, \ {ug}, while 99 ~ N (0, P, /¢)
denotes the residual self-interference at the receiving user with
transmit power P, and transmit-receive isolation . In turn,
(£ and B, are respectively the pathloss intercepts of BS-user
and user-user links, 1 and 7, are the corresponding pathloss
exponents, ry, p, is the distance from by to ug, R4, € CcNx1
is the fading vector from by to ug and h.,, ., € C is the fading
coefficient from u; to ug. The entries of Ay, u, and fyg u;
are independent identically distributed (IID) samples drawn
from Ng(0,1). Meanwhile, Vi, € CNV*N s the precoder
used by the BS at by to transmit its data symbol vector
sp, € CNX1 while su; € C is the data symbol transmitted
by the user at u;. The entries of s, and sy, are IID complex
Gaussian such that E[|s,,|?] = 1 and E[s, s} | = Iy. Power

allocation is uniform across the N signal streams, which gives
E[[[ Vs, 51, 3] = V.

Without loss of generality, BS and user locations are indexed
in order of increasing distance, i.e., Tup, < Tug,by, and
Tuou; < Tugujsq» While the BS at by serves the users at
{un}rlyz_ol. Under these premises, the data symbol and precoder
at by can be written as Vi, = [Uug.bgs---»Vun_1,b0] and
Sby = [Sug.bos- - Sun_1.b0)L With Sy, the data symbol
intended for the user at ug and wv,,;, the corresponding
precoder. With perfect CSI at the BS, the precoder v, p,
is designed according to the zero-forcing (ZF) strategy in
order to prevent interference [23]. Mathematically, ZF means
ki, v, Vugby = 0forn=1,..., N—1, which plugged into (1)
gives

B,

?70 = NGbﬁ T;()?Zbo hZ(huovanbD Sug,bo + ZO (3)

B. Reverse Link

As mentioned earlier, we adopt a two-slope model for the
BS-BS pathloss [24]. Denoting by R. = 4h2/A the so-called
critical distance with h, the BS antenna height and A the
wavelength, the BS-BS pathloss for a given distance ry, p,
is then

—7b
By "bo ., bs, Tbo,br <R,

—7NB
ﬂB Tb(),bk TbO;bk > RC

where 7, and (3, are, respectively, the pathloss exponent and
intercept of BS-BS links satisfying 74,5, < R. while 7y
and [y are the pathloss exponent and intercept of BS-BS
links satisfying 73,5, > [.. Unlike the users, the BSs may
feature sophisticated hardware to suppress self-interference.
Moreover, as we will demonstrate in Section VII, the RL
performance is mainly limited by BS-BS interference and thus
we can disregard the residual self-interference at the BSs. To
analyze the RL, we shift the origin to the BS of interest, which

observes (cf. Fig. 1b)

“4)

N-1
Jo= > /PGB, Pbgu,su, + 2o )
n=0

whose first term is the signals from its intended users at
{1%}2\[:_01 while the second term is the aggregate interference

o)
EO = E \/ PuGb/BTb_O”fuj hbo,Uj S’U,j
J=N
P,
=N
+ E WGEBb Tbo,ll;k Hb()ybk ‘/bksbk

P _
WbGE/BB {rbonfk Hbo,bk%ksbk (6)

where the first summation spans the interference from other
users, ®, \ {u,}) -, and the second and third summations
span the interference from other BSs, @, \ {bo}. In (6), K =
{k : Tpb, < R.} while Hy, 4, € CNXN s the fading matrix
linking the BS at by with the BS at by. The BS-BS fading can
be modeled as Rayleigh, Rician or disregarded altogether [25].
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As fading is seldom significant in BS-BS links, in this paper
we set Hy, 3, = Iy [26].

The BS at by applies Wiy, = [Wag,ugs- -« Whoun_1) €
CN*N 1o process its received signal §,, where wy, ,, is the
ZF filter corresponding to the signal from the user at u,,. At
its output, wy, ,,, gives

* - -n * * <
Wy ,u, Yo = V P.G.j Tboun wbo,unhbo’“nsun + Wy ,u, 20+

(7

Before proceeding with our analysis, we provide some
distance distributions that are useful in subsequent derivations.

Given a homogeneous PPP ® of intensity A with r,, repre-
senting the distance from a point to its (n 4 1)th neighbor, the
probability density function (PDF) of r,, is [27]

2 )\ n+1
frn (rn) — (7T )' T%’n-‘rl e_Tr)‘Ti (8)
n!
and the joint PDF of r, and r; with 0 < n < k is [28]
4(mA)kHL r2ntly 2
frn,rk (Tn7 rk) = ( ) Ek-{-l ATk,
(k—n—1)nl (r2 —r2)"
k n

9

If a,, denotes the ratio of the distances from a point to its (n+
1)th and Nth neighbors, i.e., a, = 7,/rn_1, then the joint

PDF of r, and a,, with 0 <n < N — 1 is (cf. Appendix A)
4(r )N (1 —a2)N-—n-2
(N —n—2)n! 2N-2n-1
war2

AN—1 ~— o
g e 9 .,

froan(Tnsan) =

(10)

IV. INTERFERENCE MODELING

We follow the approach in [29]-[31] to model the co-
channel interference terms Zy and Z,. The local-average dis-
tributions of Zy and 2, are modeled as zero-mean complex
Gaussian with respective matched conditional covariances
E (1202 {ruo,bx> Tuowu; }] and E[Z0Z5{Tbg.u; > Tho,b, }| Where
the expectations are over the data and fading distributions.

In the FL, recalling (2), the conditional covariance of 2 for
given interferer locations equals

E ['ZO |2|{7”u0,bk 2 Tuo,u; H

P B — * *
N Z uonbkE hbk,uo Vl—’k sbksbk ‘/bk hbk,uﬂ] (11)
+ P, ﬁu Z ruo u; |: wo,u; Su; Su] h:;g u; ] +E [1907‘98]

PGbBZ

* Pu
+ P.B, Z Tt B [ oy huwj] +=

;onbkE [ hbk ;U0 %k) (h’zk,uo Vl;k ) *}

(12)

_PGbBZruo b +Puﬁ Zruoyzl;lﬂ (13)

where (11) follows from the mutual independence of {s;, }72
and {s,;}32, while the first term in (13) follows from

(hzk wo Vi, ) being a 1 x N vector with IID zero-mean unit-
variance entries; thus, E[(h;, ., Vb, )(hy, ., Vb,)*] = N [18].
Shifting to the RL and recalling (6), the conditional covari-

ance of %, for given interferer locations equals
E[20%;|{r Tbo by }
0<0(1"bo,uj> Tbo,br
_ -n * *
= PuGbﬂ E Tb(),'uj E[hbg,Uj SUj Su], h’bg,’lbji|
=N
2
Pbiﬁb —Mb

+ Ty by,
ke

P,G?py
+ 7bﬁ

E[%ksbk Sp, VZ;:]

—"B

vo b E[Vi, 80,85, Vir ] (14)

kgK

— PGS Z ot B B, i |

+ Pbiﬁb Z o In + P.GRBa Y my B Iy (15)

kek k¢K
= |P.GBY )", + P.GY <5b > o (16)
j=N ‘ ke
+BB Z 7"(,_07)71],3,6>‘| Iy.
k¢K

V. SIR DISTRIBUTIONS
A. Forward Link

From (3) and (13), the instantaneous signal-to-interference
ratio (SIR) experienced by the typical user in the FL is

N-1
=0

a7)

PGuB

SIRy = —

;Onbo E {lhzo,uovumbo Sug,bo |2|{hb0,uj

E (1202 [{"uo.br s Tworus ]

PbiB 2
N uo,bg |hbo uo vuo,b0|

u P,
VN ENG Zl:il T’U«O7bk + P.B. Zj 1 Tuon,u] + =

(18)

= p_b |hZQ,uovu07b0|2 (19)

where the expectation in the numerator of (17) is over sy, b,
conditioned on the known fading (and therefore on the pre-
coders), while

—-n

Tuo,b
p_b — Uo,00
o~ S
N Zj 1 Tuo,uy + o N Zk:l Tuo,br, + phesi N

is the local-average SIR at the typical user in the FL with

(20)

Puﬁu
= 21
Ha P.G.B 2D
P,
P S 22
ot = o Be (22)

Since the wy,p, is independent of hy, ., in ZF precod-
ing, the precoded channel hj , vu,p, ~ Nc(0,1) and the
power |hbD o Vo, bo|? is exponentlally distributed with unit
mean [18].
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A L M+t
ez L -nm 1 21 2= 2
Foro(Y) = 1=y 51 Z Z (=1 RS~ exp| TATE — Npardt + 22 (Nt)nT (==, Nt
2 ¢ Dy, t n
£=0 m=0
2 2
—NA, (rdNp, t)™ T (1 - — (23)
TABLE I: Microcell network settings [26, Scenario 2]
[ Parameter | Value [ Parameter | Value | 1- 900000000  ___..epee
B, 24 dBm 7 3% 1 | e
P, 23 dBm N, N8 2,4 0.9 Unconditional
Gy, 5 dBi T 1
B —32.9dB hy Im 5. 0.8
Bo —38.45 dB A 0.15 m = 07k
Bs —49.36 dB R. 427 m g :
Bua —55.78 dB b 7.95 BSs/km? g 06k
S
© 0.5F
1) Local—A\./erage SII.? Dzsfrzbutzon: The 'spat.lal dlSthlbuthIl T 0.4F Conditional
of the transmitter locations induces a distribution of its own > o> _
= o ’ R = (Link range = 150 m)
for py, which is derived next. As the exact distribution of the 5 0.3F
local-average aggregate interference generally does not admit o 02 :
a closed form, certain approximate characterizations have been — Analytical

proposed [32]-[35]. Here, we adapt the approach in [35]:
obtain the distribution of 1/gy exactly in the Laplace domain
and then express the Laplace numerical inverse via Euler series
expansion.

Proposition 1. For some given 1,4, = 7o, the cumulative
distribution function (CDF) of py is given by (23) in the next
page, where

(A+i2mm)~y
2

while Dy = 2 and D,, = 1 for m > 1. The parameters
A, L and M control the accuracy, with suggested values for
multiple-digit precision being A = 184, L = 11 and M =
15 [36]. For our purposes, A = 9.21, L = 5 and M = 8 yield
a more-than-sufficient accuracy [37].

t= 4)

Proof. See Appendix B. O

Eq. (23) can be uncoditioned via the density function in (8)
(with n =0 and A = )\,) to obtain

Fp(y) = / Fyo oo (1) fro () . 25)

Example 1. Consider a network with single-antenna BSs of
density A, = 7.95 BSs/km?, which amounts to an average of
one BS per circular cell of radius 200 m, and with ¢ = 110
dB [4] and typical values for the powers and the pathloss
exponents (cf. Table I). Shown in Fig. 2 is a comparison of
the CDFs F; |, —150(7) and Fj () in (23) and (25), with
A =921, L =5 and M = 8, against their Monte-Carlo
counterparts. An excellent match is observed, supporting the
validity of the Euler series expansion of the inverse Laplace
transform and the PPP assumption for the interfering user
locations.

o Simulation

-10 -5 0 5 10 15 20
Local-average SIR (dB)

25 30

Fig. 2: CDFs of FL local-average SIR in a full-duplex microcellular network
with single-antenna BSs and transmit-receive isolation ¢ = 110 dB.

2) Instantaneous SIR Distribution: Given {r,,p,} and
{rug,u, }» the value of jy in (20) becomes determined. Since
the fading power |hj , ¥u,p,|* is exponentially distributed
with unit mean, it follows from (19) that the FLL SIR exhibits
an exponential distribution with local-average g and hence its
conditional CDF is

Fga () =1~ e V/Po, (26)

B. Reverse Link

Recalling (7), we can express the instantaneous SIR at the
receiving BS corresponding to the RL signal stream from u,,
as

?R PUG])/G Tb_()f]unE I:‘wlto ;Un hb07u7z Sun |2 ‘ {hbo,un }£Lv=_01:|
0,n —

27)
(28)

= * 2
- p07n |wb0,un th:“n

where the expectation in (27) is over s,,,, conditioned on the
known fading (and therefore on the receive filters), while

-1
"bostn

50

-n — b —NB
Z TbOvuj + Z T by, + i Z b0, b
J=N kek gk

Pon = 29)
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A L M+t 2
L 1™ 2r N A - 2
Fﬁ(]n‘rman('y)ml—'y;—z Z(Z) (D) RS = exp <7TN>\b 2 + AP R2 4+ T briﬁf(—&ﬁt)
, £=0 m=0 m n N
2
27 A, (r] pgt) ™ = 2 g 27\, R? T 9 1 Ly
P{—,2—t = | E, e u t 32
s N’ R b 1332 Rm " "'%32 (kR.)m 52)
is the RL local-average SIR at the typical BS corresponding
to the signal stream from wu,, with 1

o P.G, By

Hy = Tﬁ (30)
_ P.,G,, Bg

e =—p g - Gl

1) Local-Average SIR Distribution: Noting that BSs cannot
be arbitrarily close in actual deployments, we introduce a pa-
rameter 0 < k < 1 such that 7, 3, > kR.. We derive the CDF
of p, in terms of k, thereby parameterizing the distribution by
the guaranteed distance to the strongest interfering BS.

Proposition 2. For some given 7y, v, = Tn, Thy,uy_1 = "N—1
and a, = Tv,u, [Tooun_1» the CDF of pg,, is' given by (32)
in the next page, where t, D,,, A, L and M are as in
Proposition 1.

Proof. See Appendix C. O

The unconditional CDF of local-average SIR Fj, (7) can
be computed as '

1 o]
Fﬁo," (’Y) = /0 /0 Fﬁoyn|rn,an (7) frn,an (’I"n, an) drn dan
(33)

where f, o, (-,) is the joint PDF of r,, and a,, corresponding
to A = N, in (10) and, recall, the first integration variable
an (for 0 < n < N — 1) is the ratio of the distances from a
point to its (n + 1)th and Nth neighbors, with 0 < a,, < 1.

2) Instantaneous SIR Distribution: Given {ry, .} and
{7bo,b, }» the value of pg,, in (29) becomes determined and
it follows from (28) that

FaRg ip,, (V) =1 e~ /Pon, (34)

VI. SPECTRAL EFFICIENCY
A. Forward Link

1) Specific Network Geometry: For given py, the FL er-
godic link spectral efficiency (conditioned on 13, ., = 70)
is [38], [39]

C(polro) = / loga(1+ ) dFes  (7)  (39)

0lPo,m0

= el/ﬁo\ToEl ( _'1 ) log, e.
polro

and its CDF equals

~ 1
F=~ — P |el/Polro (ﬁ
CI’I‘O(’}/) |: 1 po‘

(36)

) logy e < 7} 37
7o

'One can derive the CDF directly in terms of r,, and r_1 instead of 7,
and an, but the latter option yields a somewhat more compact expression.

probability

tiv

ul

Cu

— Analytical
o Simulation

P IS ST S N N T N T TR
1 2 3 4
Ergodic spectral efficiency (b/s/Hz)

Fig. 3: CDFs of FL ergodic spectral efficiency in a full-duplex microcellular
network with single-antenna BSs.

Invoking [40]

.82
e"Eq1(v)log, e = 1.41og <1 + 08> (38)
v
we can approximate (37) as
N et — 1
F(j|r0 (v) ~ Foiro 082 )’ (39

which is validated in the following example. Similarly, by
leveraging the unconditional local-average SIR, py, we can
compute the corresponding ergodic link spectral efficiency as

C_"(p"o) = e/ R,y (_1,> log, e (40)
Po
and its CDF as
Fa(y) = Fp, (e& — 1) : (41)
0.82

Example 2. For the same setting of Example 1, the approx-
imate CDF Fg(-) is contrasted in Fig. 3, against its Monte-
Carlo counterpart for ¢ = 110 dB, € = 120 dB and ¢ — oo.
Very good agreements are observed.

Recognizing that the performance gap between ¢ = 120 dB
and € — oo is uniformly marginal, we assume € — oo or,
equivalently, p,.; — 0 in the remainder of the paper.
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Ao [T] - 2w\, 12(NA) 7 -, ((—2 2 2
C = / ogye / 2\, 70 exp (-Numrgy L 2m A g (NY) 7 5 < N7> — AN, (KN )™ T (1 _ )) dro o
0 ro>0

7+1 n

Ui

u

(42)

2) Average Network Geometry: Next, we average the link
spectral efficiency over all possible geometries.

Proposition 3. The average link spectral efficiency in the full-
duplex cellular network model of Section Il is given by (42).

Proof. See Appendix D. O

Corollary 1. For n, =7 and p.; — 0, Proposition 3 reduces
to

C:;:/"Olong
o Y+1
1
2

N(Npy)iT (1 - %) ~2(Ny)a T (—%J\W)

The users served by the BS at by are located at {u,, })—; and
their individual ergodic link spectral efficiencies are identically
distributed. Thus, the aggregate average spectral efficiency of

the users served by the BS at by equals NC.

Example 3. For the parameters in Table I and N = 1,
the average spectral efficiency C, computed via (42) with
s — 0, is 1.78 b/s/Hz while its simulated counterpart is
1.82 b/s/Hz. The simulated result corresponds to the exact
mutual information under the non-Gaussian interference in (2),
evaluated through Monte-Carlo histograms and averaged over
many fading realizations and interference locations. The match
is excellent, supporting our interference modeling approach.

B. Reverse Link

1) Specific Network Geometry: Proceeding as in the FL,
the RL ergodic spectral efficiencies of the typical BS (corre-
sponding to the signal stream from u,) for given p,, and
Po.nlTn, an are

ju - 1
C(pon) = el/Pon By ( = ) log, € 44)
0,n

é(ﬁo,n‘rna an) = 61/50’"%7%E1(F ) log, e (45)

Po.nlTnsan
with CDFs
F F; et — 1 46
(7)) = Fp, 082 (46)
eTa — 1
F@\Tn,an (’7) = Fﬁo,n|rman (()82) . “@n

2) Average of all Network Geometries:

Proposition 4. The average per-BS spectral efficiency in the
RL is given by (48) in the next page, where f,. . (-) is the
joint PDF of r,, and a,, corresponding to A = N\, in (10).

Proof. See Appendix E. O

For the last term in the summation (i.e., n = N — 1),
a, = 1 while f, .. (-) reduces to f., ,(-), the PDF of ry_q
corresponding to n = N — 1 and A = N, in (8), and the
inner double integral reduces to a single integral.

For the single-antenna case, plugging N = 1 in (48) we
obtain the more compact expression as given in (49).

The derived expressions are not simple enough to provide
immediate insight, but they are general and easy-to-evaluate
using software packages such as Mathematica or MATLAB.
For given system settings, C' and C can be solved for either
instantaneously or within seconds (depending on whether N =
1 or N > 1); this is orders of magnitude faster than a Monte-
Carlo computation of the exact mutual information under non-
Gaussian interference.

VII. PERFORMANCE OF FULL-DUPLEX COMMUNICATION
A. Half-Duplex Baseline

Unlike full-duplex, half-duplex communication utilizes sep-
arate time-frequency signaling channels for the FL. and RL.
Thus, the half-duplex spectral efficiency must be scaled by
1/2 for a fair comparison with respect to full-duplex. The
half-duplex counterparts to (40), (25) and (42) are then

SHD (= . 5.

C*"(po) = 5 lim C(po)
pu—0
”rsi_)o

e — 1
lim Fy (S~
) P“( 0.82 )

frsi—0

(50)
(51
(52)

where i, — 0 and p,.; — 0 turn off the FL user transmissions.
Plugging C(-) into (52) and evaluating the integral by virtue
—HD

of [41, Eq. 3.326.2], C  reduces to

dy.  (53)

G _ 1 [ —nlog, e
T2 2 )
0 2(N)F(y+ )T(-2,N9)

Similarly, from (44), (33) and (48), we can recover for half-
duplex

(54)
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b 2 rh
Z / IOgQ e / /OO TrAM2R§+3 ;ERL (Enh+2 (RTT;Lb Hb ’Y> 2EL+2 ((KR ST b 'y))
e b < b
o Y+1 0
2 . 2
_ - B _
7rN/\b +27rN>\k;y ~ F(=2,a7 +2 Ap (ri g ) F( .
e ! (= ) B "B’ RSP frr an (T ap) dry, day, dy (48)
o0 o0 A 162132—&-2ﬂ>\bRg E T—g —k’E 7%]
= log, e b c . np+2 | e Ae Y m+2 \ (RRe) ™ Hb Y
= 2T\, o € ED D
o 7+1Jo
2 2 ( 4 )%
2TNALTE YT B2 277 (1B v 7< 2 )
——‘bo’ ) +—L————7T ng B Y
e 7 (=5) "B s R e dro dry. (49)
TABLE II: Macrocell network settings [26, Scenario 8]
[ Parameter | Value [[ Parameter | Value | 1
B, 16 dBm 7 375 0.9
P, 23 dBm 7 2 = _ 2
N 5 dBi P I 08k Ap = 1.27 BSs/km
B —15.3 dB T 1 >
B —38.45 dB hy, 20 m = B
B 1.0439 dB A 0.15 m 507
B —55.78 dB R. 10667 m o 0.6
o 0.5F
e} >
Feup(y) ~ lim F. evr —1 (55) T 0.4F
et S8 TPon\ "o 82 S
i £ ogf
K
- O A\ = 2
= HD b = 0.56 BSs/km
c Z limC (56) 0.2 ’
2 Mb—>0
,U,BHO 01
k—0
where p, — 0 and pg _CO turn off the RL BS transmissions. _914 —42 —40 -36

Inserting N 1 and C into (56) and tlI}eDn evaluating the

integrals by virtue of [41, Eq. 3.326.2], C s seen to equal

<HD

1

2

—nlogy e

/0 2y (v + 1)1’“(—%,7)

dy. 57

B. Performance Evaluation

Armed with the full-duplex expressions derived in Sections
V-VI, and with the half-duplex baselines just obtained, we can
proceed to evaluate the performance advantage that full-duplex
brings about when p,; — 0.

Example 4. Consider a macrocellular network with typical
values for the powers and the pathloss exponents (cf. Table II).
Single-antenna BSs with densities \, = 1.27BSs/km® and
A, = 0.56 BSs/km2 are considered, respectively amounting
to an average of one BS per circular cell of radii 500 m and
750 m. The intended link distance is 1, ., = 100 m while

= 0.1 (equivalently, 1,5, > 1066.7 m). Fig. 4 shows,
parameterized by \,, the CDF of p, obtained by applying (32).
The overwhelming interference among macro BSs—due to the
low BS-BS pathloss for distances below R.—yields SIRs that
are simply too low for viable full-duplex operation. Through

Local-average SIR (dB)

Fig. 4: CDFs of RL local-average SIR as function of Ay, for a full-duplex
macrocell network with 74, ,,, = 100 m, N = 1 and x = 0.1 (equivalently,
Tho,by > 1066.7 m).

simulations, we have observed this observation to hold with
sectorized antennas at the BSs [17].

Having exemplified how full-duplex is not feasible in
macrocell RLs, at least not without additional interference
management tailored to full-duplex, we next focus on micro-
cells (cf. Table I).

Example 5. Consider a microcell network with single-antenna
BSs, i.e., N =1 and A\, = A,. Fig. 5 compares the FL er-
godic spectral efficiency CDFs of full-duplex and half-duplex
(cf. (41) and (51)). Full-duplex is superior to half-duplex
in a vast majority of network situations and, as illustrated
in the inset of Fig. 5, it achieves a spectral efficiency gain
factor of 1.9 in 80% of cases. Then, Fig. 6 presents the same
comparison for the RL, with two distinct values for x. When
k = 3/4, i.e., when the first interfering BS is within a critical
distance of the receiving BS, full-duplex is markedly inferior
to half-duplex. However, for x = 1, full-duplex is uniformly
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Fig. 5: Main plot: CDFs of FL ergodic spectral efficiency for a microcell
network with half- and full-duplex. Inset: CDF of the ratio of the two spectral
efficiencies. In both plots, single-antenna BSs are considered.
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Fig. 6: CDF of RL ergodic spectral efficiency for a single-antenna microcell
network with half-duplex and full-duplex.

superior to half-duplex, pointing to the need for a careful
planning in full-duplex deployments.

Example 6. As a final step, we quantify the average benefits
of full-duplex. For the microcell settings in Table I, the FL
average spectral efficiencies (cf. (42) and (53)) for half-duplex
and full-duplex are presented in Table III, where the gain
factor due to full-duplex is seen to exceed 1.9 for varying N.

TABLE III: FL average spectral efficiency (b/s/Hz) for a microcell network
with half-duplex and full-duplex

= =>HD = 2HD

N[ NG [ NG [ E)C
1 1.784 0.906 1.969
2 2.657 1.350 1.968
3 3.325 1.690 1.967

4.5

3
Half-duplex, N =[1, 2, 3]
A
/]
15 // /

Full-duplex, N =1, 2, 3]

Average spectral efficiency (b/s/Hz)

8.1 0.35

0.55
K

0.75 1

Fig. 7: RL average spectral efficiency for a microcell network with half-duplex
and full-duplex.

The corresponding RL average spectral efficiencies (cf. (48)
and (56)) are presented in Fig. 7, as a function of x. The
full-duplex average spectral efficiency increases with « and,
at K = 0.925, it equals the value with half-duplex for N = 1;
thereafter, the gain increases rapidly. Hence, full-duplex out-
performs half-duplex only if the BSs are apart by at least
the critical distance. This is possible in microcell networks
because of the relatively short critical distances (hundreds of
meters).

Although a blanket utilization of full-duplex is not benefi-
cial, there are situations (cf. Fig. 7) in which it is indeed ad-
vantageous. This points to a hybrid-duplex system that resorts
to full-duplex or half-duplex, whichever is best, depending on
the geometry. If the BS density is \,, then the probability that
the neighboring BS is apart by at least the critical distance
equals e~ and the fraction of BSs favorable for full-
duplex is e~™ R Based on this, the average system-level
benefits of such a hybrid-duplex system can be quantified.
Let us denote by C'™ and C"™"¢ the average area spectral
efficiencies (b/s/Hz/km?) of half-duplex and hybrid-duplex,
obtained by scaling the average link spectral efficiencies by
the corresponding densities of BSs and users:

—HD <HD

e =G +AC (58)
Grsbria — o= (Aué G )
+ (1 _ e nRE ) (AﬁHD + AbEHD). (59)

Example 7. Shown in Fig. 8 are the average area spectral
efficiencies for half- and hybrid-duplex networks as a function
of the BS density, for the microcell settings in Table I.
The fraction of full-duplex BSs, e~ ™ B¢, decreases with the
BS density A\, and consequently the average area spectral
efficiency of hybrid-duplex approaches the value of standalone
half-duplex. This manifests again that full-duplex does not
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Fig. 8: Average area spectral efficiency for a microcell network with half-
duplex and hybrid-duplex.

blend well with high densification.

As an alternative to gains in spectral efficiency, one can
consider the sparsification in infrastructure density that full-
duplex can bring about for a given area spectral efficiency
(b/s/Hz per unit area). To achieve the same value thereof than

—HD =
a half-duplex network, only C'  /C' as many BSs per unit area
are needed under full-duplex.

C. System-Level Benefits in a Vodafone Field Test Network

To confirm the robustness of our PPP-based analytical find-
ings, we further consider a Vodafone LTE field test network
consisting of 64 BSs over 1km? in the London area [42,
Sec. III], obtain Monte-Carlo results for that network, and
contrast them with our analysis. As the test network density is
very high, the two-slope pathloss model is applied to BS-user
and user-user links as well. Users are distributed such that the
distance between each BS and its intended user is uniform
within [10,40] m. Heights of 4 m and 1.75 m are considered
for the BS and user antenna, respectively, with typical 3GPP
settings [26, Scenario 2].

Shown in Fig. 9 is a comparison of the FL ergodic spectral
efficiency CDFs of full- and half-duplex. Consistent with our
analysis, full-duplex is virtually always superior to half-duplex
and, as illustrated in the inset of Fig. 9, it achieves a spectral
efficiency gain factor of 1.7 in 50% of cases. Then, the same
comparison for the RL is presented in Fig. 10. Again consistent
with our analysis, full-duplex is markedly inferior to half-
duplex due to the high density of BSs.

VIII. SUMMARY

The introduction of full-duplex transceivers in wireless net-
works would transform the interference landscape, foregoing
long-standing interference barriers that have been in place
since the inception of wireless communications, chiefly that
BSs do not substantially interfere with other BSs. To assess the
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Fig. 9: Main plot: CDF of FL spectral efficiency for a Vodafone LTE field
test network with half- and full-duplex. Inset: CDF of the ratio of the two
spectral efficiencies. In both plots, single-antenna BSs are considered.
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Fig. 10: CDF of RL spectral efficiency for a Vodafone LTE field test network
with half and full-duplex.

system-level impact of introducing full-duplex transceivers, we
have conducted a stochastic geometry analysis of a full-duplex
cellular network and derived expressions for the system-wide
distributions of local-average SIR and ergodic spectral effi-
ciency. Variations of the formulation for both single-user and
multiuser scenarios have been given. From these expressions,
complemented by supporting examples and by simulations on
a Vodafone LTE field network, we can conclude the following.

o Full-duplex RL is not viable in macrocells due to the ex-
cessive interference among BSs. In microcells, where the
BS-BS pathloss is higher because of the lower elevations,
full-duplex operation may be viable.

o Full-duplex consistently delivers a spectral efficiency
gain factor of 1.9 in the FL of microcell networks. In
the corresponding RL, however, full-duplex outperforms
half-duplex only if the BSs are apart by at least the critical
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distance. Thus, full-duplex is (in principle, more on this
below) at odds with network densification.

Altogether then, and insofar as no additional BS-BS or user-
user interference management is introduced, our findings on
the potential of full-duplex communication for 5G wireless
systems are mostly negative. Further work would be welcome
to solidify or tone down these conclusions, and we outline
several directions of interest.

o The lower tail of the performance distribution of full-
duplex in the FL is curbed by user-user interference.
Given the availability of multiple channels, users could be
parsed onto various sets in ways that avoided excessive
interference, and indeed schemes that extend the classical
notion of dynamic channel allocation [43] have been
formulated in the context of device-to-device communi-
cation [44]-[48].

o In the RL, BS-BS interference limits the performance.
This issue is well studied in the context of dynamic
time-division duplexing [26], but only for distant BSs.
It remains to be seen whether potential solutions such
as null forming in elevation [49], cloud radio-access
network processing [50], or interference alignment [29],
[51] could achieve sufficient interference suppression.
Advantageously, BS-BS links are very stable, hardly
subject to fading, but according to our analysis several
tens of dB of suppression might be necessary.

o Full-duplex improvements in spectral efficiency come at
the expense of increased power consumption due to the
sophisticated self-interference cancellation circuits [9]. It
is thus worth studying full-duplex operation in the context
of energy efficiency, a key desideratum for 5G [52], [53].

« BS antenna patterns in the elevation domain may alleviate
the BS-BS interference (probably only slightly because
their effect on nearby BSs is minor). Quantifying this
improvement would be another interesting refinement of
the present work.

o The balance between FL and RL traffic, which is immate-
rial under half-duplex because the corresponding signals
do not interfere, becomes relevant with full-duplex. While
in the present work we have considered balanced traffic,
studying the impact of imbalances would be yet another
relevant extension.

For N > 1, an interesting variation of the full-duplex
architecture considered in our analysis is one where only BSs
are full-duplex, while users are half-duplex. Each BS then
receives signals from a subset of users while transmitting to
another (disjoint) subset. This variation is attractive from a
hardware and power consumption vantage, as it eliminates
the need for self-interference cancellation at the user devices
(where form factors and power are key aspects), and it relaxes
the issue of user-user interference. The BS-BS interference,
however, is unaffected and thus the bulk of our conclusions
continue to apply.

APPENDIX A
PROOF OF (10)

Utilizing the PDF f, ., (-,-) in (9) corresponding to k =
N — 1, the joint PDF of 7, and a, = r,/ry_1 can be

computed as

a(rnaerl)
frn,an(rnaan) = frn,rN_l(Tn»erl) m (60)
B 4(r )N r2 9 N=n=2
 (N—-n-2)!n! E—rn
r2n+3 _mar?
n e 61)

3
an

which reduces to (10) after further simplification.

APPENDIX B
PROOF OF PROPOSITION 1

The distribution of gy can be computed over the spatial
locations of all interferers in the network. The CDF of gy can
be expressed as

Fg,(v) =P[po <] (62)
—p(= > 1/7) (63)

Po
=1-F1 (1/v) (64)

The closed-form solution of (64) is unwieldy in general. Al-
ternatively, we rely on the numerical inversion of the Laplace
transform of F /5 (-), which yields an accurate approximation
in a series form for F5 () [35].

et Lo p\ M (Lqym
) =1-75 3 (7) ¥ Gl {er, 0
=0 m=0 (65)

where t = w while Dy = 2 and D,,, = 1 form > 1.
By utilizing the relation

L5 (t
Lr,,, (t) = 1/%() (66)
we can rewrite (65) as
A L M+b
_ 2 L (*1)m El/ﬁo(t)
Fﬁo(”’l”%;§<f>7; pn{ et
(67)

Conditioned on 7, p, = 7o, the Laplace transform of 1/py is
derived as

L1 50070 (t)

= Ele™"/7ro] (68)
o) T_nb
=E |exp —NZ uof’nkt
k=1 "0
=Tl Ny,
N, S0 ety SRy ) gL (69)
j=1 0 To
_ Npygit
=e " Eg, lH exp( uo’bk NL‘> To]
o
Hexp L JNul. o (70)
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= exp (=N p7(t)

- exp <27r)\b/ (1 - efT_"TgNt) rdr)
T?)O -n n
exp (—27r)\u/ (1 —e " “TON”“t) rdr) (71)
0
= exp (=N p1.rgt)
2 A2 (NE)T (=2
- exp 7r/\b7“3 + MF (,Nt)
n n
2 2
- exp <—7TN)\b (rdNu,t)™ T <1 - )) (72)
77“

where (68) follows by invoking the definition L, . and
then evaluating integration by parts, (69) follows from sub-
stituting (20) in (68), (70) follows from the fact that the
locations of BSs and users are two independent PPPs, (71)
follows by separately invoking the definition of the probability
generating functional (PGFL) of the PPP [22] for BS and
user processes @, and ®,, and (72) follows from variable
changes t' = Nr "r(t and ¢" = r~™rJNp,t and the
relation A, = N\,. Invoking (72) into (67), we obtain the
conditional CDF Fj |, (-) as in (23).

APPENDIX C
PROOF OF PROPOSITION 2

By leveraging the derivation of its FL. counterpart, condi-
tioned on 7y, u,, = Tn, Tho,un_1 = 'N—1 and a, =1, /TN_1,
the CDF of the RL local-average SIR can be expressed as

Fpy plrnan (7)
é L ( )%’)( 1)m%{51/ﬁo,nrn,an(ﬂ}
2L D,, t
m=0 7
and the Laplace transform L1 5, |r,,a, (¢) is derived as

L1/5y o 1rmsan ()

= Ele~tPon|r,, ay] (74)
=y T
j=N Tn kek 'm
—NB
Tbo,b
=) tﬂ (75)
kgic '

e
*Ub *7713
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Putting (78) into (73) with a, = r,/ry—1, we obtain

Fy, rman (7) as in (32),

)
)
1))

(78)

- exp (7r)\b K*R? +

APPENDIX D
PROOF OF PROPOSITION 3

The user spectral efficiency averaged over all geometries in
a full-duplex network is

C=E|C(m)| (79)
= E [E [log, (1 + SRol )] | (80)
—E ]OIP’ [loga (1 + SRol i) > '] dv'| 1)

0
—E UOOO :)i?f (1 - Fﬁolﬁg(y)) d’y} (82)
_ /OOO :)i?f (1 _E {Fsﬁo‘ﬁo (V)D dy 83
= /0 h :DgT?fE /7] 4y (84)

where the outer and inner expectations in (80) are over gy
and over the fading, respectively, while (82) follows from the
variable change 7' = log,(1 + 7). Invoking (72) into (84)
and then averaging the resulting expression using the density
function in (8) (with n =0 and A = )\,), we arrive at (42).

APPENDIX E
PROOF OF PROPOSITION 4

The per-BS spectral efficiency averaged over all geometries
in a full-duplex network is

E= Y E[C(,)] .
n=0
N-—1
log, e
:n_o/o v+2 C(1-E|Fg, 5 0)]) 4 60
No1 oo g ol
- _0/0 S o] 87)
1
Z/ logz {_W%’"Vmanﬂ dr. (88)

Plugging (78) into (88) and then averaging the resulting
expression by means of the PDF in (10) with A = NJ,, we
obtain the result in (48).
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