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Abstract—We consider a multi-cell massive MIMO system
where a time-division duplex protocol is used to estimate the
channel state information via uplink pilots. When maximum
ratio combining (MRC) is used at the BSs, the re-use of pilots
across cells causes the pilot contamination effect which yields
interference components that do not vanish as the number of
base-station (BS) antennas M — co. When treating interference
as noise (TIN), this phenomenon limits the performance of
multi-cell massive MIMO systems. In this paper, we analyze
more advanced schemes based on simultaneous unique decoding
(SD) as well as simultaneous non-unique decoding (SND) of
the interference that can provide unbounded rate as M — co.
We also establish a worst-case uncorrelated noise technique for
multiple-access channels to derive achievable rate expressions
for finite M. Furthermore, we study a much simpler subset
of SND (called S-SND) which provides a lower bound to SND
and achieves unbounded rate as M — oo, and also outperforms
SD for finite M. For the special cases of two-cell and three-
cell systems, using a maximum symmetric rate allocation policy
we compare the performance of different interference decoding
schemes with that of TIN. Finally, we numerically illustrate the
improved performance of the proposed schemes.

Index Terms—Massive MIMO, pilot contamination, simultaneous
unique/non-unique decoding (SD/SND), treating interference as noise
(TIN).

I. INTRODUCTION

IRELESS communication standards are rapidly evolv-

ing to deal with challenges such as the ever increasing
number of users as well as the demand for higher data rates
and energy efficiency. These challenges give rise to the need
to incorporate new protocols and techniques in 5G cellular
networks. For instance, the METIS 5G project has as overall
technical goals to increase the typical user data rate in a mobile
network by 10x to 100x, handle 1000x more mobile data traffic
per unit area, and support 10x to 100x more connected devices,
all by 2020 [1]]. Also in light of the demand for increased
energy efficiency, the GreenTouch initiative has, for example,
aimed to reduce the net energy consumption in end-to-end
communication networks by up to 98% by 2020, compared
to 2010 [2]. In order to meet these goals, several promising
solutions have been proposed for 5G, including massive multi-
input multi-output antenna systems [3]], cloud-RAN [4], ultra-
densification [3]] and millimeter wave communications [6], [[7].
In a massive MIMO communication system, each BS uti-
lizes a very large number of antennas, which allows for the si-
multaneous serving of several (single or multi-antenna) users,
where the number of BS antennas is normally assumed to be
significantly larger than the number of users. The introduction
of massive MIMO technology dates back to the seminal
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work of Marzetta in [8], where it was shown that, under the
assumption of independent Rayleigh fading channels and when
the number of BS antennas grows to infinity, the effects of
small-scale fading, intra-cell interference and additive noise
all vanish due to channel hardening effects. In theory, massive
MIMO has several advantages including high energy efficiency
[O, high spectral efficiency and increased capacity through
the aggressive spatial multiplexing of many users [3], [LO],
all enabled by the use of simple linear precoding/decoding
techniques [LL1]. With regards to energy efficiency in particular,
the work of [9]] has analytically shown that when perfect CSI
is available at the BSs, the uplink transmit power of each user
can be scaled inversely proportionally with the number of BS
antennas, without any performance loss.

Successful implementation of massive MIMO in practice,
however, depends heavily on the availability of knowledge of
channel state information (CSI) at the BSs. Thanks to the use
of time-division duplex (TDD) protocols as suggested in [§]]
as well as uplink and downlink channel reciprocity, the BSs
are able to estimate downlink channels using uplink pilots and
later employ these estimates for both precoding and decoding
purposes. In reality, the length of the channel coherence time is
finite, and therefore the number of available orthonormal pilot
sequences is limited. Consequently, in a multi-cell system, the
same set of orthonormal pilots is shared across multiple cells.
This, in turn, degrades the channel estimation performance
for a user in one cell in that it will be contaminated by
the channels of users in other cells whose pilots are not
orthonormal to the first user. More specifically, the pilot
contamination (PC) effect becomes a source of interference
that precludes the logarithmic growth of users’ achievable rate
with the number of BS antennas [8]. Hence, it is believed that
PC constitutes a fundamental bottleneck in multi-cell massive
MIMO systems [12]]. Some notable exceptions to this belief
are the works of [[13]—[15] that will be discussed in the sequel.

A. Contributions

In this paper, we assume the same orthonormal pilots are
used across multiple cells, and take a different view of the
inter-cell interference caused by PC. More specifically, we
show that when M — oo the use of more sophisticated
schemes such as decoding the PC interference, rather than
simply treating it as noise, allows one to attain unbounded
rates, even in the presence of the PC effect.

We summarize the major contributions of this paper as
follows:

o Using the capacity region obtained by simultaneous
unique decoding of the desired signal and PC interference
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(i.e., employing SD as opposed to TIN), it is shown that
when maximum ratio combining (MRC) is employed at
BS, the per-user rate tends to infinity as M — oo.

« It is shown that when decoding interference due to the
PC, reusing the same pilots across cells (as opposed to
using different pilots) is preferable as it requires decoding
significantly fewer interference terms.

o The benefits of using simultaneous non-unique decoding
(SND) is investigated, which strictly contains regions SD
and TIN. Moreover, a simplified subset of SND (S-SND)
is studied, which is shown to be strictly larger than SD
and also provides a lower bound to SND.

o A worst-case uncorrelated noise technique for multi-
ple access channels (MAC) is established that for fi-
nite M yields achievable rate expressions over regions
SD/SND/S-SND.

o The problem of maximum symmetric rate allocation
(i.e., maximizing the minimum achievable rate) for
TIN/SD/SND/S-SND is investigated. Some structural re-
sults are also presented for the two extreme regimes
of high and low SINR. In particular, it is found that
when the number of BS antennas is truly large the
interference decoding schemes SD/SND achieve the same
performance and also strictly outperform TIN.

« For the special case of a two-cell system and assuming a
symmetric geometry, it is shown that for relatively small
values of M, the PC interference is “weak” in that SND
and TIN achieve the same rate and both of these strictly
outperform SD and S-SND. Hence, one may choose
TIN which is simpler to implement. Nevertheless, for
large values of M (beyond a threshold), the PC interfer-
ence becomes “strong” so that the interference decoding
schemes SD/SND provide the same performance and both
of these strictly outperform TIN. Hence, one may choose
SD which is simpler to implement. Analytical conditions
in terms of mutual information expressions under which
these results hold are also found.

« For the special case of a three-cell system, it is numer-
ically shown that the use of SND can provide a strictly
better performance compared to all the other schemes.

One should note that the theoretical contributions in the first
five items listed above as well as the analytical conditions for
the two-cell case are valid regardless of the numerical results
presented in Section V. It is only in Section V that specific
values for the system parameters are chosen to numerically
compare the performance of different schemes and hence
validate the analytical findings of Sections III and IV.

B. Related Work

In order to tackle the PC problem, systematic solutions have
been extensively studied in the literature; some attempt to
alleviate the PC effects by reducing its impact on the system
performance [16]-[19] whereas others, given that some as-
sumptions and requirements are satisfied, suggest schemes that
completely eliminate PC and provide unbounded achievable
rates in the asymptotic regime [L3]-[13], [20]. Specifically,
in the framework of PC mitigation schemes, the use of time-
shifted pilots is proposed in [[17]], [18], where in order to make

sure that non-orthonormal pilots do not overlap in time, the
location of pilots in frames shift so that transmission in differ-
ent cells is done at non-overlapping times. In addition to time-
shifted pilots, power allocation algorithms are also proposed
in [17] and have shown to provide significant gains. In [19], a
multi-cell MMSE based precoding is investigated for downlink
to minimize the sum of the mean square error of signals
received at the users in the same cell and the mean square
interference seen by users in other cells. Unfortunately, in all
these techniques the PC effect is only partially suppressed and
thus the achievable rates do not grow without bound as the
number of BS antennas is increased.

In the line of works that construct asymptotically noise and
interference free systems with infinite capacity, [[13] considers
a semi-blind channel estimation technique to separate the
subspace of the desired user channels from the subspace of
interfering channels due to PC. However, in order for complete
elimination of the PC effect, this method requires that the
channel coherence time goes to infinity. Unfortunately, this
assumption is not true in practice. Other interesting works
include [14], [20], where a large-scale fading decoding (LSFD)
technique is used that eliminates PC interference with the
help of a network controller resulting in achievable rates that
scale as O(log M). Therein, BS cooperation is required for the
exchange of large-scale fading coefficients between BSs and
the network controller, which results in backhaul overhead.
Different from [14], [20]], the work of [15] uses a multi-
cell MMSE precoding/combining technique and assumes that
pilot-sharing users must have asymptotically linearly indepen-
dent covariance matrices. This assumption, however, may not
always be true and also requires the knowledge of channel
covariance matrices at the BSs.

In this paper, we do not view the interference caused by
PC as a fundamental limitation in a multi-cell system due
to treating it as noise. This is because TIN is known to
be suboptimal in some scenarios [21], [22]], and hence the
present work proposes more sophisticated schemes based on
interference decoding.

The rest of this paper is organized as follows. In Section II,
we present the system model and describe the PC problem.
In Section III, to combat the PC problem we propose two
interference decoding schemes, i.e., SD and SND, as well as
an achievable subset of SND (S-SND). Achievable rate expres-
sions based on the worst-case uncorrelated noise technique
are also derived in this section. The problem of maximum
symmetric rate allocation is studied in section IV along with
some structural results for the extreme regimes of high and low
SINR as well as for the special cases of two-cell and three-cell
systems. In Section V, we demonstrate numerical results, and
finally, section VI concludes this paper.

Notation: We use boldface upper and lower case symbols
to represent matrices and vectors, respectively. An M X M
identity matrix and an all-zero vector are denoted by I, and
0, respectively. The superscripts (), ()", (.)*, and (.)~! denote
the transpose, Hermitian transpose, conjugate and inverse
operations. The notation diag(v) represents a diagonal matrix
with elements v[1],v[2], ... of vector v along its main diagonal.
The expressions E[.] and var[] are used to denote mean and
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Fig. 1: System model showing the channel gain between the m™

antenna of the BS in cell j and the k™ user in cell /.

variance of a random variable, respectively, and CN(m, R)
denotes the circular symmetric complex Gaussian distribution
with mean vector m and covariance matrix R.

II. PRELIMINARIES

A. System Model

We consider a multi-cell communication system with L
cells, where each cell has a BS equipped with M antennas
serving K (M > K) single antenna users. Assuming a flat-
fading model, the channel between the M antennas of the BS
in cell j and the users in cell [ is described by

Gji=H;D}?, 1)
where Hj; = [hj11, hjor, ... hjki] € CMXK ig the channel matrix
associated with the channel vectors hjy; € CMX1 of small-scale
fading coefficients between antennas of the BS in cell j and
the k™ user in cell /, and Dj; = diag(B;11, Bjai» --» Bjk1) is the
matrix of large-scale fading coefficients. One may rewrite (1)
as

8kl = \Bjkihjil, ()

which explicitly shows that the large-scale fading coefficient
Bjki, which models shadowing and path loss and is assumed
to be known at the BS, is constant with respect to the index
m of the BS antenna (see Fig. [[). The latter follows since
the distance between the BS and a user is much larger than
the spacing between the antennas of the BS. We also assume
a block fading model where the large-scale fading coeffi-
cients Sji; are constant over many coherence time intervals T
and known a priori, whereas small-scale fading coefficients
hjri[m],m = 1,..., M are constant over one coherence interval,
and drawn independently in each coherence interval with
hj ~ CN(0, Iy) (i.e., flat-fading model).

Furthermore, we consider TDD operation such that reci-
procity holds between uplink and downlink channels. We take
the frequency re-use factor to be one, i.e., the whole frequency
band is used in one cell, and re-used in all the adjacent cells.
This assumption, in particular, entails a worst-case inter-cell
interference.

B. Uplink Data Transmission

We point out that the model used for uplink data transmis-
sion in this paper is similar to that of [11] with slight change
of notation. During the uplink data transmission phase, the BS
in cell j receives the baseband signal y; € CM*1 given by

L K
Yi= D Do NPagiknlkl +n), 3)

where x; = [x;[1], x[2], ..., x;[k]]T is the vector of transmit
signals of the users in cell /, p, is the average uplink transmit
power of the users, and n; ~ CN(0, Ip) is the additive
Gaussian noise vector at the BS in cell j. Thus, p, can be
interpreted as the uplink transmit SNR of the users.

C. CSI Estimation at BS

Similar to the approach of [14]] for CSI estimation, it is
assumed that the same set of pilot sequences ¥1,¥2,...¥k €
C™! of length 7 (usually 7 > K, however without essen-
tial loss of generality we assume 7 = K) are used in all
cells and thus the channel estimate will be corrupted by
the PC from the adjacent cells. Defining the pilot matrix
Y =[y,¢,..., q/tK]T € CKXK e assume orthonormal pilots
Yy = Ik

During the uplink training phase of the TDD protocol, user
k =1,2,...,K in each cell transmits the pilot sequence ¥ to
its BSs. The BS in cell j then finds the estimate G;; of the
local channels G ;. More specifically, the BS in cell j receives
the matrix Y? e CM*K je.,

L
Y= NEGi¥+Z, “)

where pp is the average pilot transmission power, and Z; is
the AWGN at the BS with entries that are iid CN/(0, 1) random
variables. Similar to the uplink data transmission, p, can be
interpreted as the pilot SNR. Generally, p, is a function of
the average transmit power of users p, and the length of pilot
sequences 7.

Multiplying ¥’ 5.’ by ¥7, the k™ column of the resulting matrix
is

L ~
Tk = Zz=1 op&jkl + Zjk» ©)

where Zjx ~ CN(0, Ip). The MMSE estimate g;x; of gjx;
based on the observation r i is given by [23]

. . 1-1
gikj=E [gjkjr;.k] E [rjkr;.k] Tk 6)
L -1
= VPpBjkj (1 P ﬁjkl) ik )
L
= @jk;j (lel \Pp&jki + ij), (8
where @i := _VoBii e to the orthogonality property

C1+pp > Bkt
of MMSE estimation, one can decompose the channel g ; as

8jkj = 8kj +€jkj, Where € is the estimation error. It is also
known that €j; is uncorrelated (and thus independent due to
the Gaussian assumption) from the estimate g;; [14]. There-
fore, it can be verified that &;x; ~ CN(0, PpfBjkjjkjIm)
and €;x; ~ CN(0, Bjr;(1 = \Ppajij)m). Using (@), one can



see that the estimate §;; can be written in terms of §;; as
follows 5
a kL) A
ik = (_)gjkj- ®
Bijkj
D. Treating Interference as Noise (TIN)
Assuming maximum ratio combining (MRC), from (3)) the
estimate of the i™ user’s signal in cell j is

9ji = &, (10)
L .
= > NPk gjunli]
L K
i NP g + &l (D)

Substituting (8) in (1)), and applying the strong law of large
numbers, as M — oo, the following is obtained

Vji as. . L .
i — \PuPpQjij (ﬁjijxj [i] + lel’l;&j ,Bjilxl[l]) ,  (12)

where =35 represents the almost sure convergence. Note that
a channel hardening effect is observed in (12).

Assuming TIN in uplink, the BS in cell j only decodes the
desired signal x;[i] and treats the remaining interfering signals
xi[i], I # j as noise. Thus, defining R;; as the uplink rate of
the i user in cell j, any rate tuple (R;i, ..., Riz) is achievable
if it satisfies the following set of inequalities

Ry <1 (9550 &), for j=1....L.
Based on (12), it is known that [8]
Bij
Zlel,l;&j ﬁjz'il
where C(x) :=log(1 + x) is the Shannon rate function.

Remark 1. As the number of BS antennas M in becomes
large, except for the terms associated with the pilot-sharing
users, i.e., the interference caused by PC, the effects of
interference and noise vanish.

13)

a.s.

1 (yji?xj[i]‘ gjij) —C

), as M — oo, (14)

Throughout the paper, it is assumed that the noisy channel
estimates §;;; are known locally at the BSs. Thus, from now
on to simplify notation they will be omitted from the mutual
information expressions.

III. DECODING THE PC INTERFERENCE

One can see that, as the number of BS antennas M becomes
large enough, the expression of converges to a constant
independent of M and thus the benefits of increasing M
saturate. In other words, treating interference due to PC as
noise results in a fundamental limitation that constitutes a
major bottleneck in overall performance of massive MIMO
systems [8].

In this paper, as opposed to simply performing TIN, we
consider more sophisticated schemes based on interference
decoding. More specifically, we treat the PC interference terms
as individual users (similar to a MAC) and thus try to decode
them. As will be seen in the subsequent part, this change
of perspective results in new achievable rate expressions that
grow without bound as M — oo.

A. Simultaneous unique Decoding (SD)

Note that in the expression of the received signal after
performing MRC in (12), the first term is the desired signal
and the remaining non-vanishing terms are all inter-cell inter-
ference caused by users in other cells that are sharing the same
pilot sequence, ¥;,i = 1,...,K, as the i™ user of cell Jj. Now,
consider (IT) which is the output of the j BS after performing
MRC. If $j;, for j = 1,2,..,L, i = 1,..,K, are considered
together, then these represent the output of K separate/non-
interfering L-user interference channels (ICs), one such L-
user IC for each pilot sequence ¥;,i = 1,...,K: each L-user
IC consists of L transmitters, i.e., i™ user of all cells that are
using the same pilot sequence ¥;, and L receivers, i.e., the
BSs. One should also note that at each of the L receivers of
each IC, an asymptotically noise-free L-user MAC is observed
(see (12)). For instance, in the noise-free L-user MAC of (12),
by unique joint decoding of the users [x;[i], x2[i], ..., x [,
unbounded rates are obtained as M — co.

Remark 2. Note that since large-scale fading coefficients from
contaminating users are unknown at the BS, and also the
effective channel gains in the MAC of are functions of
these coefficicents, this MAC can be regarded as a compound
MAC [24], where the channel gains from users to the receiver
are unknown. It has been shown in [24] that the achievable
rates of a compound MAC (i.e., a MAC with unknown channel
gains) are the same as those of the standard MAC, where all
channel gains are known. Therein, it has been shown that the
lack of knowledge of channel gains at the receiver does not
affect the achievable rates, i.e., the users’ signal can still be
successfully decoded.

Due to finite coherence time of wireless channels, the
number of available orthonormal pilot sequences is smaller
than KL for typical values of K and L. Thus, one way to
address this issue is to re-use the same set of orthonormal
pilots across all cells as described in Section [I=Cl However, an
alternative approach to that of Section is to use different
sets of orthonormal pilots in different cells. To illustrate this
alternative, assume that a single set of orthonormal pilots is
picked for one cell, and different rotated versions of this set are
used in all other cells. In particular, user k in cell / transmits
the pilot sequence ¥k to its BS, where the entire pilot matrix
used in cell / is denoted by ¥;. As the sequences of other
pilot matrices, ¥;, j # 1 € {1,2, ..., L}, are rotated versions of
sequences in ¥;, they have non-zero inner product.

After transmission of all pilot sequences, the BS in cell j
receives the matrix ¥ ? € CM*K given by

L
Y= PG +Z;.

Multiplying Y? by ‘Pj., the k™ column of the resulting matrix
is

5)

L R
rjk = \Pp8jkj + Zl:l,l;&j \/,O_pGjl\Pl'/’]Lj + 4k (16)

where gjx ~ CN(0, I). Therefore, the MMSE estimate § i
of g;r; based on the observation rj is

-1
A _ T T
gjkj =E [gjkjrjk] E [rjkr}k]



L i
X (\/P_pgjkj + Zl:u# VoG, +‘Ijk) - an

One can readily see from that the channel estimate £
is now contaminated by the channel of all the users in other
cells. Thus, after performing MRC and letting M — oo, the
non-vanishing terms in will include the signal of every
user in every other cell. In turn, when employing interference
decoding schemes, using the same set of pilots in different
cells results in decoding L users, whereas using different
sets of pilots in different cells, as explained above, results
in decoding K(L — 1) + 1 users. As will be explained later
in Remark [7] this alternative approach that requires decoding
K(L-1)+1 users (instead of L users) degrades the performance
of interference decoding schemes, as compared to the approach
of Section Moreover, the complexity of jointly decoding
K(L — 1) + 1 users is larger than that of decoding L users.
Hence, when decoding the PC interference, using the same
set of pilots in different cells (as opposed to different pilots)
is preferable as it results in fewer interference terms to be
decoded.

We now provide a detailed analysis of the achievable rates
for finite values of M. Following the approach of [14], by
adding and subtracting a term associated with the mean of the
effective channel g;ijgﬁ, in (I0), the following is obtained
over one coherence interval

L .
Vi = \,/,O_uZ:l:1 E [8;,-1-&'1’1] xy[i]

Desired signals

L R R .
+ lel Veu (g}ijgjtl -E [g}ijgjil]) x[i]

Interference due to channel estimation error

L K .
AT . AT .
+ 21:1 Zk:l,k;ei Voud ;8 jaxilkl +&5,m; - (18)
——
Noise

Interference caused by other users
L . ,
- Zl:l )/ilxl[l] + Zjij’

where ;1 := \/pu a[gjil.jg_,,-,] agd z]’-ij i§ the effective noi.se term.

The power of the desired signals in (I9) is proportional to
lyir|* and is thus proportional to M?2. Moreover, the power of
the effective noise term ZJ’-ij is proportional to M. Therefore,

19)

by unique joint decoding of the users’ signals {xl[i]}lL=1 in
(@9), the achievable rates of the corresponding MAC grow
unboundedly as M — oo.

Note that the effective noise 2/, in (19 contains the last

three terms in (I8) including the inner product gj.l.j i of
two Gaussian vectors, and hence is neither Gaussian nor
independent of the users’ signals. However, as will be shown
in the sequel, it is uncorrelated from the users’ signals. The
following lemma lower bounds the mutual information terms
defining the boundaries of the MAC region, using a Gaussian

effective noise with the same power as that of z]’.ij in (19).

Lemma 1. Consider the L-user MAC given by y = Z{;l xiG +

z, where the users’ signals xl.G, i =1,..,L are independent
with complex Gaussian distribution xl.G ~ CN(0, P;), and the
additive noise z is a complex random variable with mean zero

and variance 0'22. If 7 is uncorrelated from xl.G, i=1,..,L,
then
G. ,G|,G G. G
I (xg, y |ch) <1 (xQ, y|ch), (20)
where xg is the vector with entries xl.G,i e Q C

{12, L}LQ#0,Q° :={1,2,..,L}\Q y9 = 37, xF +26,
and 7% ~ CN(0, 0'22)

Proof. See Appendix A. O

Note that using Lemma [I] one can obtain an achievable
lower bound on the capacity of a MAC with uncorrelated
additive non-Gaussian noise by replacing the noise term with
an independent zero mean Gaussian noise having the same
variance. This is known as the worst-case uncorrelated noise
result which has been previously established for the case of a
point-to-point channel in the literature [25]. When the additive
noise is independent of the users’ signals, Gaussian noise has
been proven to be the worst-case noise for point-to-point,
MAC, degraded broadcast and MIMO channels [[26]. However,
the proof provided in Lemma[Il only requires the additive noise
to be uncorrelated of the users’ signals.

We now consider the MAC of (I9) at BS j. Using the usual
definitions as in [27], each message m; € [1 : 2"Rit], | =
1,..., L (distributed uniformly) is encoded into the codeword
x}'[i](m;) of length n which is generated iid CN/(0, 1). Using
SD and the standard random coding analysis as in [27], it
can be shown that decoding error probability tends to zero as
n — oo, i.e., the rate tuple (R;i, ..., R;jr) is achievable, if

Rq = Zzeg Ry <1 (ﬁji; xq |ch),

where S = {1,2,..,L}, Q C S, and xq is the vector with
entries x;[i],/ € Q. Finally, to obtain the achievable region
network-wide (at all BSs), one should take the intersection
of achievable regions over all BSs. It should be pointed out
that recent studies in the literature have proposed practical
schemes using off-the-shelf LDPC codes that can achieve a
performance very close to the theoretical SD [28]], [29].

Note that x;[i] and x;[k] are independent for (I,i) # (j, k),
gjii and gk, are independent for (j,i,l) # (m, k,n), and
also ;i and €;; are uncorrelated. Therefore, for transmission
over multiple coherence intervals all interference and noise
terms in (I8) are uncorrelated from the desired signal com-
ponents. Thus applying Lemma [l an achievable lower bound
to I(9ji; xo | xqec) in (2I) is obtained, similar to the ones
established in [14]. More specifically, replacing the effective
noise zj’.[. ; in (I9 by an independent Gaussian noise with a
variance equal to the sum of the variances of the interference
and noise terms in (I8), provides a lower bound in ). This
is formally presented in the following theorem.

Theorem 1. Assuming x; = [x[1],x[2],..., xlKF ~
CN (0, Ik) for 1 € {1,2,...,L}, the following set of lower
bounds can be achieved for the MAC given in (19) at BS j

P
ity Xa | XQ (P2 +P3+ Py

which holds for YQ C {1,2, ..., L}, where

_ 2 2 2
P =M ZleQ pppulgjilajij,

2y

) =CG(Q),  (22)

(23)



L
Py = M\[ppBjijjij lel puBjil, (24)
L K
Py = MABBI1 @t )Ly D s s PP 25)
Py = MNppBiij i (26)
Proof. See Appendix B. O

Remark 3. Note that P; is the power of the desired signal
components associated with xq, whereas P, is the power of
the interference due to the channel estimation error, P3 is the
power of the interference of other users, and P4 is the power
of the noise.

Using 23)-@26), one can simplify the right hand side of

as
M T
CLp(Q) = c( LZIEQI;/'O_"p“ﬁ"’ Y vac 1,2, L)
21:1 Zkzl Pufjr + 1

27)

which follows from the fact that 8;;;«;; = B;ij ;. Therefore,
it is clear that I(9;;; xo | xqc) > C(M X k), where « is a
function of py, pp and large-scale fading coefficients, and is
also constant. Thus, the uplink achievable rates in grow
as O(log M).

It is important to note that the BS j is only interested in
correct decoding of x;[i] in uplink. Thus, incorrectly decoding
xi[i], I # j, should not penalize the rates achievable at BS
j. Furthermore, the power of received signal for the users
located in distant cells is very small, and thus trying to decode
signals of such users can reduce achieved rates considerably.
As later illustrated in the paper, there exist scenarios where
system performance is constrained by these distant cells, which
motivates the need for more advanced decoding schemes.

B. Simultaneous Non-unique Decoding (SND)

In this part, we investigate the benefit of using SND and
further show that it enlarges the region obtained by SD for
finite M. The optimality of this decoding scheme for interfer-
ence networks with point-to-point codes and time-sharing has
been shown in [30]. Associated with the estimate of x;[i] in
cell I, we consider an IC that consists of the L senders, i.e.,
the /™ user in each of cell [ = 1, ..., L, and the L BS receivers.
In particular, the BS j € § = {1,2,..., L} simultaneously
decodes the intended message x;[i] and the interference signals
x[i], I # j, where incorrect decoding of the interference
signals does not incur any penalty. More precisely, BS j finds
the u.ni(.]u.e message 1 such that (J?;’[i](n%j), x‘g\{j}[i](ms\{j}),
)");.’l.) is jointly typical for some mg\ j}, where )’ég\{j}[z](ms\{j})
is the tuple of all codewords £7[i](m;) for [ € S\ {j}. For a
comprehensive treatment of random code ensembles and joint
typicality, we refer the reader to [27, Chap. 3].

It has been shown in [30] that, assuming point-to-point ran-
dom code ensembles, the capacity region of the IC associated
with the i users across the L cells can be described by

Ci= ﬂ Rjis

Jjes

(28)

where Rj; is the rate region achievable at BS j given by

Rji = U RfleC(Q,j)’
{jrcQcs

(29)

and ‘wa AC(qj) Tepresents the achievable rate region obtained
from unique joint decoding of the signals x;[i], [ € Q at BS
Jj. Note that Q at BS j must contain the index of the desired
signal x;[i].

The rate region R

i

MAC(Q,)) has the following properties:

[P1] The region does not include the rates R;, [ € QF,
and is thus unbounded in these variables.
[P2] The signals x;[i], [ € QF, are treated as noise in the

rate expressions defining the region.

One can readily see that Rj; strictly contains the MAC region
at BS j. Therefore, the capacity region C; in (28) (obtained
from SND) is strictly larger than the intersection of the MAC
regions (obtained from SD) at BSs / = 1, ..., L. Another impor-
tant observation is that, due to [P2], R;; also contains the TIN
region (a similar observation was also made in [30] and [21])
and thus parts of region R;;’s boundary remain constant when
M — oo. It is also worth mentioning that a low complexity
technique, called sliding-window coded modulation (SWCM)
has been recently proposed in the literature that can achieve
a performance close to that of the theoretical SND, while
outperforming TIN in the strong interference regime [31]-
[34]. We will see in the next section that depending on the
number of BS antennas and geometry of the cells, the use of
SND automatically specifies the optimal subset of signals that
should be jointly decoded while the remaining signals will be
treated as noise.

Note that in SD, the decoder attempts to uniquely decode
the message tuple of all users (i.e., the intended one as well as
the interfering users), as in a MAC. While in SND the decoder
attempts to decode only the intended message uniquely and the
messages of interfering users non-uniquely. More specifically,
for SND the decoder needs to perform jointly typical decoding
of all possible message tuples that include the message of the
intended user (i.e., the intended message only, all 2-message
tuples containing the intended message, ..., all (n—1)-message
tuples containing the intended message and the only n-message
tuple) as in (29). Hence, the SND decoder is more complex
than that of SD.

Remark 4. Note that there exists a complexity-performance
trade-off between the two interference decoding schemes SND
and SD, and also between SD/SND and TIN. As explained
above, the SD scheme attempts to decode all users, including
those that have weak interference. Hence, while SD requires
less complexity than SND, as will be seen later in the paper,
it achieves worse rates than SND. In contrast, SND is able
to adaptively determine whether a user should be decoded
or treated as noise based on the strength of the interference.
Hence, even though SND has more complexity than SD,
it achieves larger rates than SD. A similar trade-off exists
between SD/SND and TIN. Specifically, while the proposed
schemes of SD/SND have more complexity than TIN as they
need to decode additional users, for sufficiently large number
of antennas M, the rates achieved by TIN saturate to a fixed



value that does not increase with M. In contrast, the rates
for SND/SD increase as O(log M), and hence as M — oo,
unbounded rates are obtained.

Remark 5. Note that the successive interfernce cancelation
(SIC) technique used in [33] is different from the SND/SD of
this paper in the following manner: the work of [35] considers
a setting in downlink where each user is served by all BSs
through the reception of L independent data symbols from
the L BSs. In particular, each user applies SIC to sequentially
decode the L intended data symbols transmitted by the BSs,
while treating all interfering signals, including pilot-sharing
interfering signals, as noise, thus resulting in the rate saturation
problem. This is in contrast to the approach proposed in this
paper. As the BSs try to jointly decode (either uniquely or non-
uniquely) the intended signal along with the signal coming
from the pilot-sharing users, there is no rate saturation as M
increases.

C. A Simplified Subset of SND (S-SND)

We now consider a simplified achievable region which is a
subset of SND and also described in [26, Eq. (6.5)]. We refer
to this region as S-SND, which is given by the following set
of inequalities at BS j

ZleQ Ri<I (fji; X0 |ch),

for all Q such that {j} cQC {1,2,...,L}.

One can directly verify that region S-SND can be obtained
from SD by removing all 257! — 1 inequalities in 1) that
do not involve the rate R;;. Hence, the region SD is strictly
contained in S-SND. Furthermore, due to Theorem [1] it can
be verified that the boundaries of S-SND in (3Q) grow as
O(log M).

The motivation behind considering this region is as follows.
It will be shown in the next section that, as opposed to SND,
the S-SND region is in the form of a convex polytope which
makes it tractable for computing the maximum symmetric rate
allocation. Therefore, even though for large networks (e.g.,
more than 3 cells) the maximum symmetric rate of SND
can not be computed in a computationally efficient way, it is
feasible under S-SND. Furthermore, since S-SND is a subset
of SND, it provides a lower bound to SND. As will be shown
later, there are cases where S-SND strictly outperforms other
schemes (e.g., it strictly outperforms SD in the low SINR
regime). Thus, based on these findings we are able to draw
conclusions regarding the performance of SND.

(30)

IV. MAXIMUM SYMMETRIC RATE ALLOCATION

Considering (19), it is evident that users with relatively
small effective channel gains y;, [ # i, suffer from smaller
rates compared to those users with stronger channels. There-
fore, it is crucial to assure fairness among users when allo-
cating resources in cellular networks. As such, we study the
problem of maximum symmetric rate allocation policy (which
is the same as maximizing the minimum achievable rate among
all users) for various schemes. More specifically, we will
compare the performance of all interference decoding schemes

SD/SND/S-SND with that of TIN based on the maximum
symmetric rate they can offer. In what follows, the analysis
is shown only for the i (i is arbitrary) users across multiple
cells that are employing the same pilots, since the same results
hold for other sets of pilot-sharing users.

A rate allocation is said to be symmetric when all users are
assigned the same rate. Thus, the maximum symmetric rate as-
sociated with BS j is obtained by Réym = max R such that the

rate vector R = [R, R, ..., R]T belongs to the achievable region
at BS j. Therefore, the rate vector [Ré - éym, . Réym]T must
lie at the intersection of the diagonal (le-l = ... = R;z) with the
boundary of the achievable region at BS ;.

One can verify that the SD region described in
(achieved at BS j) can be represented as the intersection of
a finite number of closed half-spaces and is also bounded.
Hence, it is a convex polytope, denoted by #;, shown below

Ry = (Rt RiLI":), Rt < g5 (@VQ € (1.2, L}

(€2)
where the function g;(Q) is the r.h.s of the inequality in 2I)).
Similarly, it can be verified that the region S-SND in (30) is
of the form except now g;(Q) = oo if j ¢ Q, and is also
a convex polytope.

The following lemma can be used to find the maximum
possible value for the minimum entry of a vector R, where
R € %j.

1eQ

Lemma 2. In the polytope Z%;, define

T = max r_nigl R; (32)
S
subject to [Ry, ... R.]" € %;, (33)
where S = {1,2,..., L}. Then,
(Q
gj( ) 34)

T = min .
Qc{1,2,..,.L},0#0 |Q]

Proof. Following the steps of [36], consider an arbitrary vector
R € #;, and define § = min; R;. Hence, for all Q # 0, we have
6 < Yiea Ri/|Q < g;(©Q)/|Q|. Therefore, ming,g g;(€2)/|Q|
is an upper bound on min; R;. Choosing R = (my, ..., 1p) €
X, where my = mingzg g;(2)/|€Q|, the upper bound is thus
achieved. O

Thus, the maximum symmetric rate (which also maximizes
the minimum rate due to Lemma [2) at BS j is

g;(Q;)

J .
= mi .
Q;c{1,2,... L}, 70 Q]

Sym

(35)

Finally, to find the maximum symmetric rate network-wide
one needs to compute min Ré for j € {1,2,...,L}. In the
. . m .
following, we discuss how (]ﬁ]) can be solved over various
regions.
SD: At BS j, the minimization over the SD region in 1))
can be carried out by solving

1(ji5 xq; | Xac)

min (36)
Q; €2
subject to  Q; € {1,2,...,L}. 37



The inequality in then allows one to find an achievable
lower bound to the above problem by solving

M Xica; VPpPuBjiljit

[P1] min —— log |1+
Q; |Qj| 211;1 Zszl PuBjkr + 1
(38)
subject to Q; € {1,2,..,L}. 39)

SND: It can be seen from that the region achieved
by SND at BS j can not in general be represented by the
intersection of a finite number of half-spaces and thus does not
fall in the category of convex polytopes. Hence, finding the
maximum symmetric rate over this region in general does not
appear to have a closed-form formulation as in (33). However,
in order to provide insights into the benefits of using SND,
below we investigate S-SND which provides a lower bound
to SND. The special cases of two-cell and three-cell systems,
for which analyzing SND is tractable, are also studied at the
end of this section.

S-SND: Under S-SND, it is solved at BS j

M Yicq; \PpPuBjil@jit

[P2] min —— log |1+
Q; |Qj| ZIL:I ZkK=1 puBjkt + 1
(40)
subject to  {j} € Q; € {1,2,...,L}. 41

Note that even though [P1] and [P2] have the same
objective function, following the discussion below (3Q) the
solution Q; of [#£2] must include the index j associated with
the rate R;;, and is thus not necessarily identical to that of
[P1].

To tackle [P1] (or [P2]), we first consider two extreme
regimes of high and low SINR.

A. High SINR regime

In this regime, the values of M and L are such that
M Xicq; \PpPuBji@jit
211;1 Zszl puBjr +1

For instance, this approximation holds when the number of
BS antennas M is truly large but finite while the number of
cells L is fixed.

Thus, in this regime the minimization in both [ 1] and [P2]
is achieved by Q}‘f = {1,2,..., L}, and thereby the maximum
symmetric rate at BS j is given by

log |1+ =~ log(M). (42)

_ psony _ L0 lid il o 1)
— T'Sym - L ’

SD,j
Sym

R (43)

which scales as O(log M). As discussed before, the per-
formance of SND is at least as good as SD and S-SND,
ie, Ry’ = RyY = RGP/, Thus, in the high SINR
regime the maximum symmetric rate of SND occurs on one
of it’s region boundaries that scales as O(log M). In other
words, from (29) the maximum symmetric rate achieved
by SND in the high SINR regime belongs to the full
MAG, i.e., RSYNIE” e R Therefore, in the high

MAC({1,...,L},j)" ) .
SINR regime one can upper bound RS}I:IH?’] by RS;L?’] <

1
— I ($;:5 x1li), x2[il, ..., x. [i] ). Consequently, we obtain for

L _ . .
the high SINR regime Rg) ™ = Rg)’ = RG>/, To find

Sym
the allocation network-wicf/e, denoted by Rsym, one needs to
calculate the smallest value of (43) across all cells, i.e.,

1 (y]h X1 [l]’ -xz[l.:L cey XL [l] )

L b
which is the same for all interference decoding schemes.
Therefore, compared to TIN we obtain

Rsym = min (44)
J

_ RIN

m (45)

RSym > IIl]lIlI ()A}ji; xj[i] )
i.e., joint decoding of all signals {xl[i]}lL: | performs strictly
better than decoding only the desired signal (e.g., x;[i] at BS
J) while treating the interference signals (e.g., {x; [i]}lL: 112 At
BS j) as noise (TIN).

Remark 6. Similar to the results of [14], [20], it is apparent
from (44) that, for sufficiently large M, the proposed interfer-
ence decoding schemes of this paper are also able to achieve
rates that scale as O(log M). Note that the achievable rates
of [14], [20] are higher than the ones reported in this paper
due to an extra array processing at a centralized network
controller, which results in a larger pre-log factor (e.g., 1 vs
1/L in the high SINR regime). However, such a centralized
processing requires extra resources and hardware infrastructure
to facilitate the BS cooperation at the network controller. In
contrast, in this paper, all processing are performed locally at
BSs without needing any cooperation.

Remark 7. Consider the alternative approach of using dif-
ferent pilots in different cells, as explained before (I3). One
should note that, for the regime of large but finite M, decoding
all K(L — 1) + 1 number of interfering users at the current
BS will generally produce a smaller symmetric rate than
the approach of Section which only decodes L users,
due to the much smaller pre-log factor in the former case.
For instance, in the regime of high SINR, using (@2)-(@4),
the achieved maximum symmetric rate of the former case is
~ 1/(K(L — 1) + 1)log(M), whereas that of the latter case
is ~ 1/L1log(M). Hence, when decoding the PC interference,
re-using orthonormal pilots cross all cells is preferred as, for
finite M, it results in larger symmetric rate across the network.

Observation: In the high SINR regime, regardless of the
cells geometry, all interference decoding schemes SD/SND/S-
SND have identical performance and also strictly outperform
TIN. In turn, one may choose to implement SD which has a
simpler decoder.

B. Low SINR regime
In this regime, the values of M and L are such that
M Yico, VPpPuPju®jit| M Xieq;, NPopuBjitejit

log |1+ .
Z:IL:I ZkK:l PuBjkr + 1 Zlel ZkK=1 puBiki + 1‘,6
(46)

For instance, this approximation holds when M and L are
small such that the product of the number of BS antennas M
Lieq; VPoPuBjitjit

—1L—F%———— becomes small.
Zf:l ZkK:I PuBjki+1

and the ratio



\PoBjit ided
—_— that hold
Ty SE B provided tha olds one

can see that [£1] (or [£2]) has the same minimizer Q}‘. as the
problem below

Since «aj; =

. ZIEQ_,- ﬁf‘il
min —————
Qj |
subject to (39) for SD (or @) for S-SND). To solve this
problem, we first construct the sorted vector

[P3] , 47

2 2 > |

i = |Bjiay Bjicy - Bliw | (48)
whose entries are §;;1, 52, ..., Bjir sorted in non-decreasing
order, i.e., ,sz.i(l) < 'sz'i(Z) <..< ,sz.l.(L. Thus, considering a
simple distance-based pathloss model for large-scale fading
coefficients and assuming that users are associated to the
nearest BS, B;;1) and B;;z) correspond to the furthest and
closest users to BS j, respectively and Bj;) = Bjij. Further
note that the objective function of [#3] is an averaging
operation over a subset of the entries of ([@8). We now study
the solution of [#3] under SD and S-SND in the following.

SD: Subject to (B9), the average over any subset of the
entries of (48) is always at least as large as the smallest
entry, ﬁf’i(l)’ with equality when the average is only over the
smallest entry. Therefore, Qj is the index of the BS located
at the furthest distance from the BS j. In other words, in
the low SINR regime the performance of SD at BS j is
(unsurprisingly) limited by the rate of the furthest user from
BS j, ie., RS;)I;{ =1(3)i; xQ: [i] |x5\9;)

S-SND: First, note that since Q}“ for S-SND at BS j contains
index j, the averaging operation in [#3] must include the
largest entry of (48), i.e., ,BJZ.l.( L= ﬁ?ij. Moreover, by including
any other entry of to the averaging operation, its value
decreases. Therefore, to find Q% one should start with the
initial value b' = (ﬁjZ.i( L) +,8/2.l.(1)) /2, and then repeatedly add the
next smallest entry of the vector &rj; to the averaging operation.
This process terminates when the average becomes larger than
its value from the previous iteration. The following algorithm
computes Q}‘ for S-SND.

2 — — (2 2
Algorithm 1. Set g =1, b7 = (L) +ﬁji(l))/2'
(D Se;t 9 = 4.7 1,
q

Bji(L) + Zl:l,l;&L Bji(l)

g+1 '
(2)  If b? > b7, then stop and output Qj = {j}t U
{l : 18]2'1'1 €{mi[l:q- 1]}}, where mj;[1 @ g — 1]
denotes the the first q — 1 entries of mj;. Otherwise,

go to step 1.

and compute b1 =

Therefore, in the low SINR regime, by construction the
allocation

1($jis x| Xs5\0;)
1<%

S-SND,j _
Sym -

R , (49)
where Q% € § = {1,2,...,L}, is strictly larger than that of
SD, i.e., in the low SINR regime S-SND strictly outperforms
SD. Even though the performance of SND in the low SINR
regime appears intractable, as previously pointed out S-SND

provides a lower bound to SND. Hence, network-wide we have
SND S-SND SD
RSym > RSym > Rsym.

C. General SINR

Now, consider the problem of determining the maximum
symmetric rate of SD ([£1]) or S-SND ([P2]) in general,
where approximations of high and low SINR are no longer
assumed. In Appendix C, efficient methods to numerically
compute the maximum symmetric rate of SD and S-SND are
presented.

Since it is difficult to comment on the performance of
maximum symmetric rate for SND in general due to the
structure of the SND region, we next study two special
cases of two-cell and three-cell systems which are analytically
tractable. For the two-cell system, we find conditions under
which either TIN/SND is optimal or interference decoding
schemes SD/SND/S-SND are all optimal. Whereas, for the
three-cell system we will briefly illustrate examples where
SND outperforms all the other schemes.

1) Two-cell system: We now consider a cellular system
consisting of only two cells, and denote the indices of the
cells by j = 1,2. Associated with the i ouser, i = 1,2,..., K,
the rate regions achieved at BS 1 are given as below.

SD: From 1) we obtain

R <1 ($us xilil] x2li]) (50)
Ri < I (9155 xoli] | x1[i]) (51)
Rii + Rip < I (9135 x1lil, x2[i] ). (52)

SND: From (29) we obtain
R < I ($155 x1lil | x2li])

(53)
Riy +min {Rpp, 1 (153 x2[i] | xa[i])} < T (ris i), xali]).
(54)

S-SND: From (B0) we obtain
Ry < I (P15 x1lil | x2li]) (55)
Ri1 + Rip < I (145 x1li], x2[i] ). (56)

Remark 8. One can similarly obtain the rate regions at BS 2
by replacing §;; with y»; and swapping appropriate indices in
G- (6D

An interesting observation for a two-cell system is that the
region for SND is the union of the SD/S-SND region and the
TIN region. We now aim to investigate the performance of
different schemes with maximum symmetric allocation. For
the two-cell system, we first define the following cases:

Case (i): In this case, we have

I(31is wlil [alil) < 1 G xlil). (57)
Case (ii): In this case, we have
S G i, wli])
< min {7 ($1:; x1[i] | x2[il), I (91is xlil| xi[])}.  (58)
Case (iii): In this case, we have
(31 xli] [lil) < 1Gus xlil). (59)



(a)

> Ri1

(b)
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> Rii

Fig. 2: (a) Ilustration of the SD region at BS 1 representing the 3 sub-regions G|, G, and G3 over which the diagonal R;; = R;; will
intersect a particular facet of the rate region, (b) Illustration of the rate regions achieved under TIN/SND/S-SND/SD at BS 1 for case (i):
the diagonal R;; = R;; intersects SD at point E, S-SND at point F, and SND/TIN at point G, resulting in (64), (c) Illustration of the rate
regions achieved under TIN/SND/S-SND/SD at BS 1 for case (ii): the diagonal R;» = R;; intersects TIN at point H, and SND/S-SND/SD

at point I, resulting in (63).

From the perspective of the maximum symmetric rate, cases
(1)-(iii) refer to conditions (in terms of mutual information)
under which the diagonal R, = R;; intersects a particular
facet of the rate region.

More specifically, consider the rate region achieved by
SD at BS 1 depicted in Fig. 2al where the entire re-
gion is divided into 3 sub-regions Gi,G, and Gj3. Also,
from (30)-(32), note that the corner points are given by
(C, A) = (I xli]), I (913 x2lil |xi[i])) and (D, B) =
(I (P13 x1l7] |x2[i] ), I($1:; x2[i])). Now, the conditions un-
der which the diagonal R;; = R;; lies in sub-regions G1, G or
G3, are equivalent to the conditions of the three cases of (37)-
(@9 as follows: the diagonal R;; = R;; lies in Gy, i.e., case
(1) is true, iff C > A; the diagonal Rj» = Ry lies in Gy, i.e.,
case (ii) is true, iff C < A and B < D; the diagonal Rj» = R;;
lies in G3, i.e., case (iii) is true, iff B > D. Specifically, the
conditions for case (i) in (37) and case (iii) in (39) are exactly
those given by C > A and B > D, respectively.

For case (ii), note that one can also write

I(D1is x1li], x2li] ) = I(nis xali]) + I(F1as x2li] | x1[i])
(60)

=1(Y1;; x2[i] ) + I(Pris x1[i] | x2[d] ).
(61)

Hence, in case (ii) where we have C < A and B < D, by
replacing C and B with their respective identity from (&0) and
(&1), we reach the following conditions

SIG1 alil, oli]) < 1Gi wlil [ xalil) 62

1
51()71,‘; xili}, x2lil) < 191 xali] | x2[i]), (63)
resulting in (38).

Remark 9. If the worst-case uncorrelated noise bound in 27)
is substituted for the mutual information expressions in (37)-
(B9), case (iii) can never happen as the effects of small-scale
fading vanish in (27) and thus the received power of x[i]
at BS 1 can not be larger than that of x;[i] at BS 1. Hence,
case (i) and case (ii) can be viewed as two complimentary and
exhaustive conditions for a two-cell system at BS 1.

Note that the bounds of @7) differ from the mutual ex-
pressions in (39) due to two factors: (a) the expressions in
(B9) depend on the specific fading gains, and (b) the effective
noise is not necessarily Gaussian. However, in the limit of
large M the channel hardening of (I2) minimizes the effects
of (a). Moreover, due to the channel hardening of (12) as well
as the assumption of Gaussian signaling in Theorem [ the
interference terms (effective noise) in (II) are asymptotically
Gaussian.

The performance comparison of various schemes at BS 1 is
summarized in the following corollary.

Corollary 1. If the condition of case (i) in (31) holds at BS
1, then

SD,1 S-SND, 1 SND,1 _ pTIN,1
R < Repm < Rg,, = Rg,s (64)

otherwise, if the condition of case (ii) in (38) holds at BS 1,

then
TIN, 1 SD,1 _ pSND,1 _ pS-SND,1
RSym = RSym - RSym - RSym ’ (65)
with strict equality in (63) if and only if (38) holds with strict

equality.
Proof. See Appendix D. O

Fig. [2] illustrates an example of this corollary. Sub-figure
(a) represents case (i) and its consequence in (64), whereas
sub-figure (b) represents case (ii) and its consequence in (63).

To comment on the performance of various schemes over
both cells, we consider a symmetric setting which is easy to
analyze, and provides insights into the benefits of employing
interference decoding schemes.

We define the symmetric setting as a scenario, where the
MACs at both BS 1 and 2 are identical. Therefore, if case (i)
is active at BS 1, it is also active at BS 2, and the resulting
rates are equal at both BSs. Following Remark [8] it is thus
obtained network-wide that

SD S-SND SND _ pTIN
RSym < RSym < RSym = RSym. (66)

Observation: Both SND and TIN achieve the same perfor-
mance and strictly outperform SD and S-SND. Thus, TIN may
be the better choice of strategy in practice due to its simplicity.



Cell 1 Cell 2

Fig. 3: An example of symmetric geometry with circular cells at
a fixed distance of d from each other, where users are located at a
distance x from the their BSs located at the center of the cells. The
position of users is denoted by *Xx’.

Similarly, if case (ii) is active with strict inequality at BS 1,
it is also active with strict inequality at BS 2, and the resulting
rates are equal at both BSs. Following Remark [ it is thus
obtained network-wide that

RTIN _ pSD _ pSND _ pS-SND

Sym Sym Sym Sym (67)

Observation: The interference decoding schemes SD/SND/S-
SND achieve the same performance and strictly outperform
TIN. Thus, SD (joint decoding of both users) may be the
simplest one to implement in practice. Practical examples
of these cases will be demonstrated in the numerical results
section.

Consider, for instance, a setup where all users are located
at a distance x from the corresponding BS as in Fig. 3l With
respect to the lower bound in @7), this setup is symmetric
as the effects of small-scale fading vanish in (27). Note that
in a two-cell system, irrespective of whether the setting is
symmetric or not, under no circumstances does SND strictly
outperform all the other schemes. We next illustrate scenarios
for a three-cell system, where SND can strictly outperform all
the other schemes.

2) Three-cell system: Now, consider a cellular system con-
sisting of only three cells, where the indices of the cells are
denoted by j = 1,2,3. In this case, the rate regions under
SD/S-SND can be obtained by a straightforward extension of
(G0)-(32) and (BI)-(GE6) to the three-cell system, thus omitted
for brevity. Moreover for SND, the rate region associated with
the i user, i = 1,2, ..., K, at BS 1 can be found using (29) as
follows:

Rit <1 (9153 x1lil | x2[il, x3[i] )
Ry +min {7 ($1;; xo[i] | x1[i], x3[i] ), Ri2}
<1 (913 x1[i] x2(i] | w301 )
Ry +min {7 (§1;3 xa[i] | x1[i], x2[i] ), Rz}
<1 (9153 xilil xali] | x2[i])
Ry +min {7 ($1;3 xolil, xa[i] | x1[i] ),
R + 1 ($1i3 x[i] | xilil, x2li] ).,
Rz +1 ($1i3 xoli] | xilil, x3[i] ).,
R + Riz}
<1 (Puis xili) xa2lil, x3[i] ) -
An example of this region is plotted in Fig. 4 where the
dashed lines indicate that the region at BS 1 is unbounded in

variables R;> and R;3, which is in agreement with property [P1]
of the achievable region. Also, note that following Remark [§]

(68)

(69)

(70)

(71)
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Fig. 4: An example of the rate region obtained by SND at BS 1.

the regions corresponding to BSs 2 and 3 can be similarly
found. By comparing (68)-(Z1) with the achievable regions of
SD and S-SND, it is noted that there are four faces in Fig. @]
that are only achieved by SND and not by any other schemes.
More precisely at BS 1, it is possible for Ré n o achieve
one of the rates, I(§1;: xi[i] | xali] ), Iz xili] | x2[i] ),
%1(521,-; x1[i], x2[i] ) or %1(521,-; x1[i], x3[i] ). Note that the first
rate 1(91;; xi1[i] | x3[i] ) can be interpreted as the maximum
rate of the i user of cell 1, while treating the i™ user in
cell 2 as noise. The second rate I(1;; x1[i] | x2[i] ) can be
interpreted similarly. Moreover, the rate %I()?li; x1[i], x2[i] )
can be interpreted as the maximum symmetric rate achieved
by joint decoding of the i™ users of cells 1 and 2, while
treating the i user of cell 3 as noise. The fourth rate
%I(ﬁli; x1[i], x3[i] ) can be interpreted similarly. Therefore,
neither SD/S-SND nor TIN can provide these rates, in which
case it is conceivable that SND could strictly outperform all
the other schemes. More discussion will be provided in the
numerical results section.

V. NUMERICAL RESULTS

To illustrate the performance of the two-cell system un-
der both cases of (i) and (ii), we consider two different
scenarios. In scenario (a), we assume that the cell radius
and the distance of BSs are fixed, while the number of
antennas M varies. In scenario (b), we assume that M and
the distance of BSs are fixed, while the cell radius varies. In
both scenarios for the geometry setting shown in Fig. Bl we
compare the performance of various schemes TIN/SD/SND
based on their achieved maximum symmetric rate using the
bounds in @7). In particular, for scenario (a), we numerically
quantify a threshold on M at which the transition from case
(i) to case (ii) is observed. Analogously, for scenario (b),
we numerically quantify a threshold on the distance x at
which the transition from case (i) to case (ii) is observed.
It should be pointed out that the results of this section are
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Fig. 5: Achieved maximum symmetric rate across two cells, Rsym, over regions of TIN/SD/SND/S-SND: (a) for fixed values of d = 2x and
x =400 m, as M is increased; (b) for fixed values of d = 500 m and M = 5x10%, as x is increased.

numerical examples presented only for the sake of illustration
that validate the analytical findings of the previous sections.
Hence, the identified thresholds depend on specific choices
of system parameters. Moreover, for the large-scale fading
coefficients B;; we use a distance-based path loss model
similar to [1I] and neglect shadowing, i.e, Bji = (do/d;i1)®,
where dj;; is the distance of the i™ user in cell [ from the
BS j, a is the path loss exponent and dy is a normalization
constant. For both scenarios (a) and (b), we take K = 4, a = 2,
pu = 30, pp = 120, and dy = 100 m. Achieved maximum
symmetric rate of various schemes for scenario (a) are shown
in Fig. [5a where x = 400 m and d = 2x. It can be observed
that for M < 4 x 10*, condition of case (i) in (37) is active;
thus, SND and TIN have the same performance and strictly

outperform SD/S-SND, i.e., R%)m < RganD < ngn? = Rg%

In other words, for M < 4 x 10*, to achieve the optimum
performance each BS should only decode the signal of its own
user while treating the signal of PC interference as noise. On
the other hand, when M > 4 x 10*, the condition of case (ii)
in (38) is active; thus, interference decoding schemes are all
optimal, i.e., Rg}I}l < RS}]?m = RS&?HND = ngn?. Consequently,
for significantly large values of M, to achieve the optimum
performance each BS should jointly decode both the signal
of its own user as well as that of the PC interference. This
observation also matches with the consequence of the high
SINR regime for truly large M in (@3). Also, notice that there
does not exist any range of M for which SND is strictly
optimal. These observations are all in agreement with the
analysis performed in subsection

Next consider scenario (b) where the BSs are at a distance
of d = 500 m, M = 5 x 10% and the cell radius x varies
from 200 m to 250 m. The maximum symmetric rate for
various schemes in this scenario, shown in Fig. 3Bl illustrates
that when approximately x < 233 m, the condition of case
(i) in (&) is active, and thus using TIN is optimal. One
implication of this observation is that for a fixed M, there

2x
X

R
\_N_N_J

Cell 1 Cell 2 Cell 3

|

Fig. 6: Ilustration of a three-cell system with circular cells, where
all users of the left and the right cells are located on the cell edge
at the farthest distance from the BSs located at the center of the
cells, whereas the position of users on the edge of the middle cell is
changing over 0° < 6 < 180°. The position of users is denoted by

LR

X,

exists a threshold on cell radius such that if x is smaller than
this threshold (i.e., 233 m in this example), interfering users
located in the other cell are far away from the BS of the
current cell, and hence treating interfering users as noise is
optimal. On the other hand, if x is above the threshold, the
condition of case (ii) in (38) is active: the interfering users are
now close to the current BS, and thus interference decoding
schemes achieve the optimal performance. We now extend the
cell configuration model considered in Fig. Bl to the case of
three cells. Particularly, we consider two scenarios with three
circular cells based on Fig. |6l with x = 400 m, where the
position of users in the left and the right cells is fixed on the
cell edge at the maximum distance from the BSs located at
the center, whereas those of the middle cell are determined
based on the angle §. More specifically, in scenario (a), it is
assumed that the users of the middle cell are located on the
cell edge at & = 90°, while in scenario (b), it is assumed
that the position of users on the edge of the middle cell are
swept over 0° < 6 < 180°. Note that while the setting of Fig.
is impractical as all users will not be located at a single
point at cell edge (i.e, at farthest distance from their BSs)
in practice, nevertheless it does provide a conservative and
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Fig. 7: Achieved maximum symmetric rate across three cells, Rsym,
over all four regions TIN/SD/SND/S-SND. The x-axis is divided into
three intervals: (a) SND and TIN have identical performance and
strictly outperform SD/S-SND, (b) SND/S-SND strictly outperform
TIN/SD, (c) SD/SND/S-SND strictly outperform TIN.

somewhat pessimistic estimate of the user rates. In practice,
users will typically be distributed more uniformly in the cell
and some users will thus be located closer to their BSs. Hence,
rate for users located closer to the BS will be higher than those
located at cell edge, and thus the overall rate will be potentially
higher.

The maximum symmetric rates of scenario (a) for various
schemes and for different values of M are illustrated in Fig.
where the parameters of the setup are the same as before.
It is observed from Fig. [7] that, even though for M < 1.1x10°
the performance of SND and TIN are identical and strictly
better than SD/S-SND (and one can thus simply use TIN), for
M > 1.1x 10’ the PC interference is “strong” in that decoding
it, as opposed to treating it as noise, produces better rates, i.e.,
SND/S-SND strictly outperform all the other schemes (and
one should thus only use SND). In other words, for 1.1x10° <
M < 5x10° (the upper bound on M is not shown in the figure),
the optimum performance is achieved only by SND and not by
any other scheme. However, for M > 5 X 105 all interference
decoding schemes achieve the same rate as expected, while
outperforming TIN. Finally, observe that for (approximately)
M > 1.85x 10° SD outperforms TIN as well.

Finally, while keeping all other parameters the same as
before, we consider scenario (b) where the position of users
in the middle cell changes with 6, and plot the resulting
maximum symmetric rates for various schemes against 0° <
6 < 180° with different values of BS antennas as illustrated
in Fig. B (a) M = 103, (b) M = 10*, (c) M = 5x 10*, and
(d) M = 10°. We focus on the rates for 0° < 6 < 180° as,
due to symmetry, the rates for 180° < 6 < 360° are identical
to those for 0° < 6 < 180°. Also, recall that the SND region,
which contains TIN, S-SND and SD regions as special cases,
as explained in subsection III-B, is always optimal.

Observe that in Fig. [8al for M = 103, the characteristics
of rates can be classified into 3 regimes of 6: regime-1
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where 6 is smaller than 90° and SND outperforms TIN (i.e.,
6 < 66° in the setting of Fig. [8a), regime-2 where 0 is close
to 90° and SND and TIN have the same performance (i.e.,
66° < 6 < 114°), and regime-3 where 6 is larger than 90°
and SND outperforms TIN again (i.e., 6 > 114°). In regime-
1, we have RS;‘E? > RSy‘IiND > Rg;ﬁ > Rg?m, as explained
below. Note that 6 captures the distance between users and
BSs in different cells, and for 6 in regime-1, users in the
middle cell are much closer to BS 1 and farther away from
BS 3. Therefore, users in the middle cell creates “strong” PC
interference at BS 1 and “weak” PC interference at BS 3;
hence, SND/S-SND outperforms all other schemes as it allows
for users of the middle cell to be decoded at BS 1 and to
be treated as noise at BS 3. In comparison, TIN provides
poor performance as treating “strong” users from the middle
cell as noise at BS 1 drastically reduces the rates, whereas
SD performs poorly as it requires decoding of “weak” PC
interference from users in the middle cell at BS 3. In the
complementary setting of regime-3, the same principles apply
with the roles of BS 1 exchanged with BS 3.

In contrast, for # in regime-2, we have RSND
R$-SND

- KD >
> RSP . Here, users in the middle cell are somewhat
far from botfl BS 1 and BS 2, and thus the resulting PC
interference becomes “weak” at both BS 1 and BS 2. Hence,
performing TIN at both BSs is optimal and provides identical
performance to that of SND while outperforming S-SND and
SD.

As M is increased, the decoding rates continue to follow
the same trend, but regime-2 shrinks to a small set of angles
near 90°, while the two other regimes expand, as illustrated
in Fig. Bal to Fig. Bdl As M increases, users in the middle
cell produce progressively stronger interference at BS 1 and
BS 3, and thus using TIN at BS 1 and BS 3 to treat these
users as noise results in poor rates except for a small set of
0 near 90°. These trends are similar to those in Fig. [/ where
0 was fixed at 6 = 90°. These trends also confirm that when
considering more than two cells, depending on the geometry
and the parameters of the setting (e.g., M, cell radius, etc),
there exist scenarios where SND performs strictly better than
TIN/SD/S-SND.

VI. CONCLUSION

In this paper, to address the PC problem in the uplink
of a multi-cell massive MIMO system it was proposed to
decode the interference caused by PC rather than treating
it as noise. In particular, when MRC is used at BS, it was
shown that by coding over multiple coherence intervals and
decoding the PC interference, the per-user rates tend to infinity
as M — oo. Moreover, it was shown that when decoding the
interference, using the same pilots across all cells (as opposed
to using different pilots) is preferred as it results in decoding
significantly fewer interference terms at each BS. A worst-
case uncorrelated noise technique was also established for
multiple access channels, from which achievable rates under
two interference decoding schemes SD/SND were found for
finite M. Comparing the performance of different schemes
based on their maximum symmetric rate, structural results
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Fig. 8: Achieved maximum symmetric rates across three cells, Rsym,

M =103, (b) M = 10*, (c) M =5x 10*, (d) M = 10°.

were found for the extreme regimes of high and low SINR.
Specifically, for the high SINR regime when M is truly large,
it was found that all interference decoding schemes achieve
the maximum sum-rate and thus strictly outperform TIN.

The special cases of two-cell and three-cell systems were
also studied. In the case of a two-cell system with symmetric
geometry, conditions were found under which either SND
and TIN achieve the same performance and are optimal (one
should thus treat interference as noise), or all interference
decoding schemes achieve the same performance and are
optimal (one should thus jointly decode the desired signal
as well as the PC interference). Furthermore, the analytical
findings were numerically validated by quantifying a threshold
on M (or on the cell radius), where TIN/SND was shown to be
optimal below this threshold. On the other hand, beyond this
threshold it was observed that only the interference decoding
schemes achieve optimum performance.

Also in the case of a three-cell system, it was numerically
shown that there exists a range of M for which the optimum
performance is achieved only by SND and not by any other
scheme. Hence, it was concluded that for large enough M
when there are more than two cells (which is indeed true in
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practice), SND can strictly outperform all the other schemes.

One possible future extension is to consider the downlink
counterpart of this problem using well-known linear precoding
techniques such as maximum ratio transmission (MRT), zero
forcing (ZF), etc., where each BS simultaneously serves K
users inside its cell. Specifically, after performing an arbitrary
precoding technique at all BSs, K non-interfering L-user
ICs will be obtained, whereby with simultaneous unique/non-
unique decoding (SD/SND) of the intended signal along with
the PC interference at each user, one can find achievable
rates similar to (27) that scale as O(log M). Another possible
future extension is to consider a correlated Rayleigh fading
channel that will lead to a non-diagonal channel covariance
matrix. This change of channel model will change the MMSE
estimate of the channel vector in (6)-(8) and consequently the
distribution of the channel estimate and the estimation error,
and thus the power of different terms in P;-Py4 in (23)-26).
One should note that, even though the updated expressions of
23)-28) result in a new rate lower bound, it would still grow
as O log(M) (similar to (27)), and thereby the final conclusions
will remain the same.



APPENDIX A

Without loss of generality assume that Q = {1,2,...,/} and
thus Q¢ = {l+1,...,L}. We start by expanding the r.h.s of

20) as follows
I (xg; y‘xgc) = h (xg‘xgc) —h (xg|y,xg€)
() <ot

@ tog ((me)' ML, Pi) = 1 (xS xS ). (74)

where (a) is because the entries of xg and xgﬁ are indepen-
dent, and (b) follows from the entropy of a complex Gaussian
vector with independent entries. Also, using the chain rule one
can write

h(xG|y,xSc)
= Y (xCC Gy xGe)

(72)

(73)

(75)

ieQ
i-1
= Zh _xiG —qi|ly— ZX]G — Z .ka |x1G,.--,x,-G_1,y,ng2c 5
ieQ j=1 keQe
where a; is any constant. Defining 3; = y — Y- lle -
Dkeqe x,?, we obtain
Z h (le - cy,-f)i‘le, - xic_;l, Y, xgc) (76)
ieQ
(c) -
< h (le - aiy,-)
i€Q
(d) G <
< Zlog ((ﬂe)var [x7 - a,-y,-]), (17)
ieQ

where (c¢) is due to the fact that conditioning reduces the
entropy and (d) follows as Gaussian distributions maximize
entropy. To obtain the tightest upper bound, one should mini-
mize var[)cl.G —q; ], i.e., a; J; must be the LMMSE estimate of
xiG. More precisely, one can choose @; = E[¥; yil™! [x Fil=
P; /(Zj.zi P; + 0'3), where the second equality follows since z
is uncorrelated from the users’ signals. Thus

Py (Shei Py + 02
Zj’:ipj"'o-z

var [)C[G

-] = , (78)

and therefore we obtain

(Zj 1 P +0')

h (xS Iy,xgc) < élog (me) ST B ol (79)
MicaP;
= log ((n )l%). (80)

Hence, from the following lower bound is obtained

1 (xg; y‘xgc)

(HtEQP)O-

. ) — Uil

> log ((ﬂe) HLEQP,) log ((71’ ) S Pt ol ) (81)

= log (1 + Zie%Pi) =1 (xg; yG‘xgc). (82)
o
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APPENDIX B
We start by computing the power of the desired signals, Pj.
Note that
2
P = Zpu E [g;r-ijgjil” Zpu [ & (&u +ejil)]|
1eQ 1eQ
(83)
(@) st 5 I
£ B [g},-jgﬁl” (84)
1eQ
2 4
o2B
1eQ i (1 +pp le;:llgjill)
=M prpuﬁ]ll ol (86)
1eQ

where (a) follows from the fact that §,;; and é;;; are indepen-
dent. Note that as explained earlier, all terms in the effective
noise are uncorrelated; thus var[zj’.i J.] =Py + P3 + Py4.

For the power of interference due to the channel estimation
error, P>, we write

L ) ) 5
Py = ZPuE “g}ijgjil -E [ﬁ},-jgﬁl” ]

2] & " 2
+Z puE “gﬁjejil‘ ] .
=1

87)

1
DM T
P

AT A AT A
E “gjijgjil -E [g}ijgjil”

=1
(83)
For the first term in (88) we obtain
L N . 2
ZPUE [‘g}ijgﬁl -E [g}ijgjil]| ]
=1
L
Z ( ) var [é}ijgjij] (89)
Z 2 ot
3 Bjir \? PoBii
= > Mp ( i - . (90)
I=1 (1 + Pp le:lﬁjill)
Similarly, for the second term in (88) we obtain
L . 2
ZpuE [‘g)l]ejll| ]
I=1
L .
= > |t (8] euel )| 1)
=1
Ppﬂjz'ij L Ppﬁjz'il
= Mpy | ————| D B - ————|
1+ pp le=1 Bjin, | 15 I+ szllzl Bjil,
92)
Therefore, using @Q) and (©@2)), one can verify that
L 2 2 4
Biil P ﬁl
Py= > Mp, (ﬁ% 0 (93)
I=1 M (1 + op Zi:l ﬁjtll)
2 L 2
ool ool
+ Mpy (+)Z (ﬁjtl - —L]
1+ pp 201 Bjiny J1= L+ pp2iy .y Bjiy



L
= M~\ppPBijijjij Z Pupjit- (94)
=1

For the power of the interference of other users, P3, we write

L K )
Py=> puB [ﬁ,,,g1k1| } (95)
=1 k=1k#i
L K ) L K 5
= Z Z OouE [é}ijgjkl| + Z Z ouE “ﬁ}ijejk1| }
I=1 k=1 k#i I=1 k=1 k#i
(96)
2 2
_ zL: i Mpy pP:Bjij ppﬁjkl
- L L
I=1 k=1,k#i U+ pp 201 Bjiny ) \1 + pp 251 Bjkts
L K 2
ppﬁjij
+ pu|l———=—
IZ:kIZ,:;tz L+ pp 24— Bjiny
2
pPIBjkl
Biki - ————— 97)
L+ pp 25y Bikiy
L K
= M\PoBiii iz ), D, PuBji (98)
=1 k=1k#i
Finally, for the power of the noise, P4, we obtain
2 . .
Py = |[g],m| ] = (B [gu8], | E|nml])  ©9
=M by MAppBjija (100)
P S pRPjij&jij-
L+ pp 20y Bji,
APPENDIX C

We now propose efficient methods to compute the maximum
symmetric rate of SD ([P1]) or S-SND ([#2]), where the
assumption of high and low SINR are no longer made.

SD: One may first compare all 2 — 1 (total number of
non-empty subsets of S = {1,2,..., L}) different rates with a
computational complexity that is exponential in the number
of cells. However, due to the structure of [£1] we can find
the minimum by comparing only L rates at each BS. Thus
network-wide, this task can be done in O(L?) time as there
are in total L cells in the network. For notational brevity define
Sq = Z? lﬁ i) 3 the sum of the first ¢ entries of &r;; and also

M pppu
(ZIL:I Zszl PuBijki + 1) (1 + Pp ZlL:Iﬁjil)

One can see that due to the structure of the entries of xj;,
if |Q}f| q for some integer 1 < g < L, the minimum of
the objective function in [P1] is l/q log (1 + pjisq). Hence,
define

Hji = (101)

vg =log (1+ wjisq) /g, Vq. (102)

Then, [#1] reduces to min, v4, which can be calculated by

comparing L values.
S-SND: Similarly when S-SND is used at BS j, define

log (1 + lujiﬁjz'ij)’
é log (1 + Wji (ﬁ;ij + z:;1=1,l;&j 'sz'i(l)))’

qg=1
Cq = .
otherwise.

(103)
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Therefore, [#2] reduces to min, ¢4, which can also be calcu-
lated by comparing L values.

APPENDIX D

Using (30)-(36), it can be verified that in case (i) we have
R = 115 xlil | xili]), Rgm ™' = 31w xalil, xali] ),

Sym S Sym
ND, 1 TIN, I - .
and R =R = I(1:5 x1[i] ).
Sym Sym .
Furthermore, using ([@]) one can rewrite (B7) as

I(1i; xoli] | xili] ) < $I(P1is xilil, x2[i] ), and conclude
that R SD.I RS -SND, 1 Moreover using (60Q), one can rewrite

(53] as I(yh, xl[], 2[i] ) < I($1i5 x1[i] ), and conclude
that RS RSNHE)I RT;NI This is illustrated in Fig. 2Bl
Slmllarly, using (@I) , it can be verified that in case (ii) we
have RUN! = 1(3y;5 xili] ), and RSP = RENDT = RESND_

G xl[z] x2[i] ). Also, using (60)-(61), one can rewrite
(@) as
max{I($1;; xi[i]), IGu: xlD} < 3Gu: xlil xlil ).
Hence, when this condition holds it yields (63), which is also
illustrated in Fig.
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