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Abstract—We propose novel jointly optimized transceivers for
multiuser multicellular networks for both the uplink and the down-
link. The optimization is based on minimizing the total mean square
error at each base station given that out-of-cell precoders and
the cross-channel information for the weaker interferers are not
known. As the transceivers are jointly optimized at the base sta-
tions, the proposed schemes do not require multiple feedback iter-
ations between the base stations and the users; thus, significantly
reducing the overhead. We also investigate the performance con-
sidering a cooperation scheme and propose optimization for nonco-
operative users. We show that our proposed optimized transceivers
outperform the existing schemes even with imperfect channel
estimations.

Index Terms—Interference cancellation, MIMO, cellular net-
works, optimization, transceivers.

I. INTRODUCTION

MOBILE and wireless communication technologies
have evolved tremendously over the last couple of

years. The predictions indicate that this growth will con-
tinue exponentially and thus solutions for the increasing
demand for higher data rates and larger data volumes are
needed. Therefore, the focus is on efficient wireless net-
works where many users share the same radio resources.
Traditional interference management systems such as mul-
tiple access techniques do not allow us to use the radio
resources efficiently. Interference Alignment (IA) has been
shown, under certain conditions, to allow each user to uti-
lize one half of the network resources interference-free,
regardless of how many users exist in the network [1], [2].
However, IA requires an impractical number of signalling
dimensions to achieve the optimal performance as the num-
ber of interferers increases [3], [4].
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IA has been applied in Multiple-Input-Multiple-Output
(MIMO) networks in [5], [6]. It was shown in [7]–[9] that
the uplink-downlink duality theorem states that the degrees
of freedom of the downlink (DL) is the same as that of uplink
(UL). In [10], the authors proposed a combined receiver for
multi-cellular networks in the UL. It was shown that the
combined receiver outperforms the minimum-mean-square-
error (MMSE) receiver if the number of receive antennas is
larger than the number of interfering streams and other cell
precoders are unknown. However, because of this antenna
requirement, this scheme is only practical for the UL.

The authors of [11] proposed an UL interference align-
ment and cancellation (IAC) scheme for a heterogeneous
network. There, the BSs are connected by wired backhaul
links and presented a successive interference cancellation
(SIC) method where the picocells communicate with the
macrocell BS to cancel the interference from pico users to
macro users. [11] also studied an optimization problem to
maximize the number of data streams that can be transmitted
in the network considering SIC.

It was shown in [12] that collective optimization where
the users adapt to optimize an overall system objective func-
tion together performs better than individual optimization.
In [13], the authors considered a MIMO relay system and
proposed an iterative joint source/relay precoding to opti-
mize the overall system performance. The authors of [14]
proposed to jointly optimize transmitter and receiver sets
for a single-cell multi-user MIMO system in the UL. They
showed that the minimizing mean square error (MSE) func-
tion is a jointly convex optimization problem given that the
constraint set and the Karush-Kuhn-Tucker (KKT) condi-
tions are satisfied. In [15], the authors considered a two-tier
cellular system of macro and femto cells in the UL. They
proposed to align the intercell interference caused by macro-
cell users to the femtocell BSs by employing semidefinite
programming. However, alignment of the intracell inter-
ference was not considered for macrocell users. They pro-
posed an optimization problem which considers minimum
achievable Signal-to-Interference-Noise-Ratio (SINR) level
for macrocell users as a constraint.

The authors of [16] proposed a joint optimization of
transceivers for a system in the DL following a similar
approach to [14] also for a single cell system. In [17], an IA
technique was proposed for a multicellular system in the DL.
The authors proposed the MMSE-like receiver which mim-
ics MMSE and showed that it outperforms zero-forcing (ZF)
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and matched filtering (MF) techniques in systems where
there are many interferers with different power levels. They
introduced a coloring parameter, which is dependent on the
interference levels that the users are exposed to, and used
this parameter to unify the extreme cases of these inter-
ference levels for the receiver design. They categorized the
intercell interference as dominant and remaining and treated
the latter interference as noise. ZF precoders were used in
[17] in order to cancel intracell interference. The scheme
of [17] also includes an iterative technique to improve the
performance of the precoding vectors and requiring feed-
back between the user and the BS for each iteration. This
feedback is done via a backhaul link. Therefore the scheme
of [17] may not satisfy low-latency requirements of fifth
generation (5G) wireless networks [18].

In [19], a partial cooperation scheme for IAC based on
received interference powers from adjacent base stations
(BSs) was proposed. In [19] we identified the areas in which
the coverage of adjacent cells overlap in a 19 cell network.
We assumed that the cooperative users were located in these
overlapping areas and thus could receive channel informa-
tion from neighboring BSs to cancel intercell interference,
and thus utilized a MMSE-like receiver of [17]. The non-
cooperative users utilized the MF receiver due to the lack
of channel information from neighboring BSs. Signal-to-
leakage-and-noise ratio (SLNR) based precoders were em-
ployed in [19] in order to improve performance and relax
the condition on the number of transmit-receive antennas in
comparison to traditional ZF.

There is considerable ongoing work in IA [20] and in-
terference cancellation with many papers focusing on re-
laxation methods to allow convex optimisation [21] and
various numerical approaches. For example, mixed-integer
non-linear programming is used in [22] and an exhaustive
search and the golden section are used in [23]. A simpler it-
erative method for IA with a similar design approach to our
work has appeared in [24]. However, the work in [24] is DL
only and does not cater for unknown interfering precoders.

In this paper, we propose optimized transceivers for multi-
user multi-cell networks in the UL and the DL. The proposed
system requires only one-time feedback from the users to
the BS, thus significantly reducing the overhead required
relative to the schemes in [15]–[17], [25]. The basic idea
of this work is to extend the ideas in [14] and [17] to pro-
duce high performance transceivers in both the UL and DL.
In terms of novelty, first, the basic iterative solution for
precoders and decoders in the UL [14] is extended to the
DL. Secondly, their iterative schemes are adapted to cater
for dominant out-of-cell interference and limited other-cell
CSI [17]. The motivation is to obtain the high performance
available by an iterative MSE minimization, providing gains
over [14], while including the CSI restrictions implicit in
[17]. We also consider the partial cooperative scheme where
we combine the optimized precoders with the MF receivers
for non-cooperative users. The contributions of this paper
are as follows.

� We propose a joint optimization of transceivers for
multi-user, multi-cellular systems in the UL and the

TABLE I
THE MOST COMMONLY USED NOTATION

DL. The proposed technique will require less over-
head relative to the schemes which require feedback
between the users and the BSs for each iteration.

� We consider partial cooperation [19] and combine
MF receivers with optimized precoders for non-
cooperative users which cannot access the cross-
channel state information (CCSI).

� We demonstrate the system performance considering
3GPP scenarios with randomly located and cell-edge
users. We also investigate how imperfect channel state
information (CSI) and CCSI impact the mean sum
rates.

This article is organized as follows. The system model is
given in Section II. Jointly optimized transceiver design for
both the UL and the DL is given in Section III. The coopera-
tion of such systems is discussed in Section IV. Performance
metrics are given in Section V. Simulation results are pro-
vided for the UL and DL, considering imperfect CSI and
CCSI in Section VI. We conclude the paper in Section VII.

A. Notation

Bold upper case and lower case letters denote matrices
and vectors, respectively, (·)∗ denotes the conjugate trans-
pose and I denotes an identity matrix. CN a×b(µ,Σ) de-
notes a a × b size matrix which has complex Gaussian distri-
bution with mean µ and covariance matrix Σ. Furthermore,
max eig.vec.(·) denotes the eigenvector corresponding to
the largest eigenvalue of a matrix. The most commonly
used notation is summarized in Table I.

II. SYSTEM MODEL

We consider a multicell system with K users in each
cell utilising S data streams. Each transmitter is equipped
with Nt antennas while the number of antennas at the re-
ceivers is denoted by Nr . In the UL, each user transmits
1 data stream, therefore total number of data stream per
transmitter (user equipment (UE)) is S = 1. In the DL,
the BS transmits 1 data stream per user, therefore total
number of data streams being transmitted from the BS is
equal to the number of users, S = K. The BS in the DL
or the UE in the UL transmits the desired signal for the
ith user in cell α, xα,i and |xα,i | = 1, using the precod-
ing vectors, vα,i and ‖vα,i‖ = 1 through the direct channel
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Fig. 1. System model of the proposed optimized transceivers.

Hα,i ∈ CNNr ×Nt (0, I). In the DL, Gβ ,i ∈ CNNr ×Nt (0, I)
denotes the cross channel from the BS in cell β to the user
i in cell α. In the UL, Gβ ,i ∈ CNNr ×Nt (0, I) denotes the
cross channel from the user i in cell β to the BS in cell α.
In this paper, all links are assumed to be independent, non-
line-of-sight (NLOS) and Rayleigh flat-fading channels in
an urban environment. The noise is assumed to be additive
white Gaussian noise. We define ρα,i = υξα,i where υ is
the total transmit power of the UE in the UL and the BS
in the DL. The variable ξα,i denotes the attenuation due to
path-loss and shadowing. Since we assume noise with unit
variance throughout this paper, υ represents the transmit-
SNR, as in [17]. We also categorise the intercell interference
as dominant (interferers with the strongest power) and re-
maining, where full CCSI is assumed for the former and
only average power is known for the latter. Thus, remaining
interference is treated as noise. Both dominant and remain-
ing interference can be from many transmitters, depending
on the system considered.

A. System Model for the UL

The system model for the UL is given in Fig. 1. The BS
generates the precoding vectors which are fed back and used
for UL transmission by the users.

The received signal intended for user i in cell α is given
by

yα =
√

ρα,i

S
Hα,ivα,ixα,i +

K∑
j=1,j �=i

√
ρα,j

S
Hα,jvα,jxα,j

︸ ︷︷ ︸
Intracell Interference

+
∑

β

K∑
l=1

√
ρβ,l

S
Gβ ,lvβ ,lxβ ,l

︸ ︷︷ ︸
Dominant Intercell Interference

+ zα + nα , (1)

where Gβ ,l is a dominant intercell interfering channel from
a nearby cell, zα is the remaining interference and nα is the
noise with unit variance. Note that β denotes all dominant
intercell interferers for which CCSI is available at the BS.
The second term in (1) denotes the intracell interference
when the BS decodes the signal of the ith user. The trans-
mitter (UE) i in cell α sends data xα,i using a precoding
vector, vα,i .

B. System Model for the DL

The system model for the DL is also given in Fig. 1.
Each BS generates optimized precoders and postcoders, and
feeds back the latter to each user. Each BS transmits its data
using K precoding vectors, Bα = [vα,1,vα,2, . . . ,vα,K ] ∈
CNt ×K .

The received signal of user i in cell α on the DL is given
as

yα,i =
√

ρα,i

S
Hα,ivα,ixα,i +

√
ρα,i

S
Hα,i

K∑
k=1,k �=i

vα,kxα,k

︸ ︷︷ ︸
Intracell Interference

+
∑

β

√
ρβ,i

S
Gβ ,i

K∑
l=1

vβ ,lxβ ,l

︸ ︷︷ ︸
Dominant Intercell Interference

+ zα,i + nα,i . (2)

The received signals, yα and yα,i in the UL and DL, re-
spectively, are processed for each user with uα,i to give

x̃α,i = u∗
α,iyα , (UL)

x̃α,i = u∗
α,iyα,i , (DL) (3)

where x̃α,i is the estimated desired signal.

III. TRANSCEIVER DESIGN

We present the algorithms for both the UL and DL in
Sections III-A and III-B, respectively. In both cases, the
optimization process is performed at the BS.

A. Jointly Optimized Transceivers for the UL

We now give the algorithm of IAC in the UL, employing
the optimized transceivers which is based on minimizing the
total MSE in the BSs. The algorithm steps are as follows.

1) Initialize the precoders and postcoders: The BS
generates the initial precoding vectors, v(0)

α,i , similar
to the approach of [17] (MMSE receivers with ZF
precoders), that is

v(0)
α,i = max eig. vec (H∗

α,iΦ̄
−1Hα,i),

such that : ‖v(0)
α,iI‖ = 1, (4)
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where Φ̄ is given as

Φ̄ = (1 + INRrem)I

+

(∑
β

K∑
j=1

ρβ,j

S
Gβ ,jE{vβ ,jv∗

β ,j}G∗
β ,j

)

︸ ︷︷ ︸
Autocovariance matrix of dominant intercell interference

,

(5)

and INRrem is the interference-noise ratio for
remaining interference. As the noise is normalized to
have unit variance, INRrem is equal to the power of re-
maining interference. Since the out of cell precoders,
vβ ,j , are not known in (5), similarly to the approach
in [17] we use E{vβ ,jv∗

β ,j} ≈ 1
Nt

I. Similarly to [14],

we initialize the postcoder u(0)
α,i using the MMSE prin-

ciple. In contrast, however, we take into account the
dominant and remaining intercell interference, that is

u(0)∗
α,i = v(0)∗

α,i H∗
α,i

√
ρα,i

S
T(0)−1

α , (6)

whereT(0)
α is the autocovariance matrix of the received

signal and given by

T(0)
α = (1 + INRrem)I +

K∑
j=1

ρα,j

S
Hα,jv

(0)
α,jv

(0)∗
α,j H∗

α,j

+
∑

β

K∑
j=1

ρβ,j

S
Gβ ,j

(
1
Nt

I
)

G∗
β ,j . (7)

2) Optimization: We find the set of optimum precoders
and postcoders that minimize the total MSE. We com-
pute the MSE for each user, which is given by [14]

MSE(0)
α,i = 1 −

(ρα,i

S

)
v(0)∗

α,i H∗
α,iT

(0)−1

α,i Hα,iv
(0)
α,i ,

(8)

and thus the total MSEα for cell α is

MSE(0)
α =

K∑
i=1

MSE(0)
α,i . (9)

The inverse of T(0)
α can be found using matrix inver-

sion lemma as given in [14]

T(0)−1

α,i = E(0)−1

α,i − E(0)−1

α,i Hα,iv
(0)
α,i

ρα , i

S
v(0)∗

α,i H∗
α,iE

(0)−1

α,i

1 + v(0)∗
α,i H∗

α,i
ρα , i

S
E(0)−1

α,i Hα,iv
(0)
α,i

,

(10)

where

E(0)
α,i =

⎛
⎝ K∑

k=1,i �=k

ρα,k

S
Hα,kv

(0)
α,kv

(0)∗
α,k H∗

α,k

⎞
⎠

+

(∑
β

K∑
j=1

ρβ,j

SNt

Gβ ,jG∗
β ,j

)
+ (1 + INRrem)I.

(11)

Using (10) and (11), (9) can be written as

MSE(0)
α = Ci

−
v(0)∗

α,i H∗
α,i

ρα , i

S

(
E(0)−1

α,i Ξ(0)
α,iE

(0)−1

α,i

)
Hα,iv

(0)
α,i

v(0)∗
α,i

(
I + H∗

α,i
ρα , i

S
E−1

α,iHα,i
)
v(0)

α,i

,

(12)

where Ξ(0)
α,i = E(0)

α,i −
∑

k=1,i �=k
ρα , k

S
Hα,kv

(0)
α,kv

(0)∗
α,k

H∗
α,k and Ci represents the term independent of

the user i. We can find Ci as Ci = K −∑k �=i v
∗
α,k

H∗
α,k

ρα , k

S
E(0)−1

α,i Hα,kvα,k following [14]. Note that

E(0)
α,i does not depend on the precoding vector of

the user i, vα,i . For the user i, MSE can be mini-
mized by choosing vα,i to maximize the second term
in (12), which is the term dependent on vα,i . Using
the Rayleigh Quotient Theorem [26], the precoding
vectors that minimize MSE are given by

v(1)
α,i = max eig. vec.(

H∗
α,i

ρα,i

S
E(0)−1

α,i Ξ(0)
α,iE

(0)−1

α,i Hα,i ,

I + H∗
α,i

ρα,i

S
E(0)−1

α,i Hα,i

)

subject to : ‖v(1)
α,i‖ = 1. (13)

3) Iteration: We update the Eα,i at the lth iteration using
the updated precoding vectors

E(l)
α,i =

i−1∑
k=1

ρα,k

S
Hα,kv

(l+1)
α,k v(l+1)∗

α,k H∗
α,k

+
K∑

j=i+1

ρα,j

S
Hα,jv

(l)
α,jv

(l)∗
α,j H

∗
α,j

+
(∑

β

K∑
j=1

ρβ,j

SNt

Gβ ,jG∗
β ,j

)
+ (1 + INRrem)I.

(14)



USTOK et al.: INTERFERENCE CANCELLATION WITH JOINTLY OPTIMIZED TRANSCEIVERS IN MULTIUSER MULTICELLULAR NETWORKS 7223

We update the precoders with updated E(l)
α,i ,

v(l+1)
α,i = max eig. vec.(

H∗
α,i

ρα,i

S
E(l)−1

α,i Ξ(0)
α,iE

(l)−1

α,i Hα,i ,

I + H∗
α,i

ρα,i

S
E(l)−1

α,i Hα,i

)

subject to : ‖v(l+1)
α,i ‖ = 1. (15)

The iteration continues until the convergence, that is,
MSE(l+1)

α − MSE(l)
α ≤ ε. After finding the optimum

precoding vectors, the BS generates the MMSE post-
coders,

u(l+1)∗
α,i = v(l+1)∗

α,i H∗
α,i

√
ρα,i

S
T(l+1)−1

α,i

such that : ‖u(l+1)
α,i ‖ = 1, (16)

where

T(l+1)
α = (1 + INRrem)I

+

(
S∑

j=1

ρα,j

S
Hα,jv

(l+1)
α,j v(l+1)∗

α,j H∗
α,j

)

+

(∑
β

S∑
j=1

ρβ,j

SNt

Gβ ,jG∗
β ,j

)
. (17)

Finally, the BS feeds back the optimum precoders to
the user in order to begin transmission.

B. Jointly Optimized Transceivers for the DL

The algorithm of IAC in the DL employing the opti-
mized transceivers is given in this section. As mentioned
earlier, we find the trasmitter-receiver set which minimizes
the MSE at the BSs assuming the transmitter has no knowl-
edge of other precoders and the remaining intercell interfer-
ence cross channel. The algorithm steps are given as follows

1) Initialize the precoders and postcoders: We first
initialize the precoders similar to the UL,

v(0)
α,k = max eig. vec. (H∗

α,kΦ̃α,kHα,k), (18)

where Φ̃α,k = (1 + INRrem)I +
∑

β
ρβ , k

S
(Gβ ,kE

{BβB∗
β}G∗

β ,k). It has been shown in [17] that
E{BβB∗

β} = S
Nt

I, thus this is used in place of BβB∗
β

in the absence of its estimation. Then, we write the
initial value of the MMSE postcoding vector

u(0)
α,k =

√
ρα,k

S
v(0)∗

α,k H∗
α,kT

(0)−1

α,k , (19)

where

T(0)
α,k = (1 + INRrem)I +

ρα,k

S

K∑
j=1

Hα,kv
(0)
α,jv

(0)∗
α,j H∗

α,i

+
∑

β

ρβ,k

S
Gβ ,k

(
S

Nt

I
)

G∗
β ,k . (20)

2) Optimization: Next, we find the precoders and post-
coders that minimize the total MSE for cell α as given

MSE(0)
α =

K∑
k=1

MSE(0)
α,k , (21)

where, for each user

MSE(0)
α,k = 1 − v(0)∗

α,k H∗
α,k

(ρα,k

S

)
T(0)−1

α,k Hα,kv
(0)
α,k .

(22)

Next, we note that using the matrix inversion lemma,

T(0)−1

α,k can be expressed as

T(0)−1

α,k

= E(0)−1

α,k − E(0)−1

α,k Hα,kv
(0)
α,k

( ρα , k

S

)
v(0)∗

α,k H∗
α,kE

(0)−1

α,k

1 + v(0)∗
α,k H∗

α,k

( ρα , k

S

)
E(0)−1

α,k Hα,kv
(0)
α,k

,

(23)

where

E(0)
α,k =

ρα,k

S

K∑
i=1,i �=k

Hα,kv
(0)
α,iv

(0)∗
α,i H∗

α,k

+

(∑
β

ρβ,k

Nt

Gβ ,kG∗
β ,k

)
+ (1 + INRrem)I.

(24)

Then, we can rewrite the total MSE in (21)

MSE(0)
α = K − Aα, (25)

where

Aα =
K∑

k=1

ρα,k

S
v(0)∗

α,k H∗
α,k

(
E(0)−1

α,k − E(0)−1

α,k Hα,kv
(0)
α,k

( ρα , k

S

)
v(0)∗

α,k H∗
α,kE

(0)−1

α,k

1 + v(0)∗
α,k H∗

α,k

( ρα , k

S

)
E(0)−1

α,k Hα,kv
(0)
α,k

)

Hα,kv
(0)
α,k . (26)

In order to minimize (25), we need to maximize the
second term of (25). Let us rewrite (25)

MSE(0)
α = K −

(
K∑

k=1

Q(0)
α,k − Q(0)2

α,k

1 + Q(0)
α,k

)
, (27)
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where Q(0)
α,k = v(0)∗

α,k H∗
α,k

( ρα , k

S

)
E(0)−1

α,k Hα,kv
(0)
α,k . We

note that Q(0)
α,k − Q

( 0) 2

α , k

1+Q
(0)
α , k

= 1 − 1
1+Q

(0)
α , k

, giving

MSE(0)
α = K −

K∑
k=1

(
1 − 1

1 + Q(0)
α,k

)

= K − K +
K∑

k=1

(
1

1 + Q(0)
α,k

)

=
K∑

k=1

1

1 + v(0)∗
α,k H∗

α,k

( ρα , k

S

)
E(0)−1

α,k Hα,kv
(0)
α,k

.

(28)

We can minimize (28) by maximising its denominator.
Using the Rayleigh Quotient Theorem [26], we find
the precoding vectors that minimize the total MSE
(28)

v(1)
α,k = max eig. vec.

(
H∗

α,k

ρα,k

S
E(0)−1

α,k Hα,k

)

such that : ‖v(1)
α,k‖ = 1. (29)

3) Iteration: We can find Eα,k at lth iteration using the
updated precoding vectors. The iteration continues
until MSE(l+1)

α − MSE(l)
α ≤ ε. After convergence, the

BS finds the optimum precoding vector

v(l+1)
α,k = max eig. vec.

(
H∗

α,k

ρα,k

S
E(l)−1

α,k Hα,k

)

such that : ‖v(l+1
α,k ‖ = 1. (30)

After finding the optimum precoders, the postcoders
are generated as

u(l+1)
α,k = v(l+1)∗

α,k H∗
α,k

√
ρα,k

S
T(l+1)−1

α,k ,

such that : ‖u(l+1)
α,k ‖ = 1, (31)

where

T(l+1)
α,k = (1 + INRrem)I +

(∑
β

ρβ,k

Nt

Gβ ,kG∗
β ,k

)

+

(
ρα,k

S

Kα∑
j=1

Hα,kv
(l+1)
α,j v(l+1)∗

α,j H∗
α,k

)
.

(32)

Finally, the transmitter informs each user about the
optimum postcoders. Note that the iteration is per-
formed only at the transmitter. There is only one-time
feedback of CSI from the user to the BS.

IV. COOPERATIVE IAC

We consider the cooperation scheme of [19] in the DL
and discuss the application of the proposed optimized
transceivers.

A. Cooperative Users

The users which are located in the cooperation zone have
CCSI and thus are able to employ the precoders of (30) and
the postcoders of (31). As defined in [19], the cooperative
users are decided based on the ratio of the channel strengths

rβ = 10 log10

(
tr(Hα,iH∗

α,i)
tr(Gβ ,iG∗

β ,i)

)
. (33)

For some threshold Λ, a user is considered to be in the
cooperation zone if rβ < Λ. Such user receives CCSI from
the neighbouring BS(s).1

B. Non-Cooperative Users

The users for whom rβ > Λ are located in the non-
cooperation zone and lack CCSI. We thus modify the equa-
tions for the optimized transceivers, considering that all
intercell interference is added to the remaining interference
term and treated as noise. The modified algorithm is as
follows.

1) Initialize the precoders and postcoders: The initial
precoders are found as,

ṽ(0)
α,k = max eig. vec. (H∗

α,k
˜̃Φα,kHα,k), (34)

where ˜̃Φα,k = (1 + ˜INRrem)I and ˜INRrem includes all
intercell interference as no CCSI is available from any
intercell interferer.

2) Optimization: MSE is then computed for each user
using (22), with T(0)

α,k replaced by

T̃(0)
α,k = (1 + ˜INRrem)I

+
ρα,k

S

K∑
j=1

Hα,k ṽ
(0)
α,j ṽ

(0)∗
α,j H∗

α,i . (35)

Following the steps given in Section III-B, we find the
precoding vectors that minimize the total MSE

ṽ(1)
α,k = max eig. vec.

(
H∗

α,k

(ρα,k

S

)
Ẽ(0)−1

α,k Hα,k

)

such that : ‖ṽ(1)
α,k‖ = 1, (36)

where

Ẽ(0)
α,k =

ρα,k

S

K∑
i=1,i �=k

Hα,k ṽ
(0)
α,iṽ

(0)∗
α,i H∗

α,k

+ (1 + ˜INRrem)I. (37)

3) Iteration: Following convergence, that is when
˜MSE

(l+1)
α − ˜MSE

(l)
α ≤ ε. Then the BS finds the op-

1Please note that in Section III-A and III-B, each user is assumed to be able to
access CCSI of the dominant interferers, therefore they are regarded as systems
with full-cooperation.
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timum precoding vector

ṽ(l+1)
α,k = max eig. vec.

(
H∗

α,k

(ρα,k

S

)
Ẽ(l)−1

α,k Hα,k

)

such that : ‖ṽ(l+1
α,k ‖ = 1. (38)

The non-cooperative users then use the MF receivers
such that

uMF
α,i = max left singular vector of (Hα,i). (39)

Note that the BS does not need to inform non-
cooperative users about the MF postcoding vectors
as these can be calculated at the receivers without
requiring any information about the other users.

V. PERFORMANCE METRICS

Note that in this section uα,k and vα,k denote the final it-
eration value of u(l+1)

α,k and v(l+1)
α,k for optimized transceivers,

respectively. The SINR for user k in cell α is given by

SINRα,k =

( ρα , k

S

)
u∗

α,kHα,kvα,kv∗
α,kH

∗
α,kuα,k

Δα,k + Ωα,k + Λα,k

, (40)

where Δα,k is the dominant interference given by
� In the UL:

Δα,k = u∗
α,k

∑
β

K∑
k=1

(ρβ,k

S

)
Gβ ,kvβ ,kv∗

β ,kG
∗
β ,kuα,k .

(41)

� In the DL

Δα,k = u∗
α,k

∑
β

(ρβ,k

S

)
Gβ ,k [vβ ,1vβ ,2 · · ·vβ ,K ]

[vβ ,1vβ ,2 . . .vβ ,K ]∗G∗
β ,kuα,k . (42)

Ωα,k is the power of the remaining interference and noise.
Note that channels of remaining interference (denoted as
Gr

β ,k ) are independent from those of dominant interference.
The expectation of the remaining interference is given by

� In the UL

INRrem = E

{
tr

(∑
β

K∑
k=1

ρr
β ,k

SNt

Gr
β ,kG

r∗
β ,k

)}
.

(43)

� In the DL

INRrem = E

{
tr

(∑
β

ρr
β ,k

Nt

Gr
β ,kG

r∗
β ,k

)}
. (44)

We assume that remaining interference is simply
treated as noise with variance INRrem. We thus calcu-
late the average power of remaining interference and
noise using

Ωα,k = u∗
α,k (1 + INRrem) Iuα,k . (45)

The power of intracell interference, Λα,k , is given by

TABLE II
SIMULATION ASSUMPTIONS

Fig. 2. The cellular layout used for simulations. The snapshot was taken
over 1 time-frame.

� In the UL

Λα,k =
ρα,k

S
u∗

α,k

⎛
⎝ S∑

i=1,i �=k

Hα,ivα,iv∗
α,iH

∗
α,i

⎞
⎠uα,k .

(46)
� In the DL

Λα,k =
ρα,k

S
u∗

α,kHα,k

⎛
⎝ S∑

i=1,i �=k

vα,iv∗
α,i

⎞
⎠H∗

α,kuα,k .

(47)

Substituting (41), (42), (45), (46) and (47) in (40), the
corresponding ergodic sum rate per unit bandwidth is

Rα =
K∑

k=1

E{log2 (1 + SINRα,k)}. (48)

Finally the outage probability for user i in cell α is given by

pout
α,i(Rτ ) = P{log2 (1 + SINRα,i) < Rτ }, (49)

where Rτ is the chosen rate threshold. In [19], we have
assumed that the users with received SINR less than −5 dB
are in outage, i.e., Rτ = log2(1 + 10−0.5) = 0.3964.

VI. SIMULATION RESULTS

Here, we consider the scenarios in [19] for randomly
located users and cell-edge users using the same simulation
assumptions for urban users as given in Table II. We use
a 19-cell hexagonal layout where there are 3 users in each
cell as given in Fig. 2, where the orange dots denote the
users and the blue circles in the center of each cell denote
the BSs.
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Fig. 3. Ergodic sum rates, random locations (Scen. 1 - UL).

We parameterise the system γ = INRrem
INRdom

, where INRdom =
E{Δα,k} as in [17]. We consider the imperfect CSI and
CCSI model in [19] as well as an ideal case where a genie
provides all the required channel estimates without cost. In
practice, the exchange of the CSI increases the signalling
overhead and consequently erodes the gains in throughput.
However, it is difficult to precisely estimate the impact on
the throughput as it requires a holistic analysis of Radio Re-
source Control (RRC) procedures that is beyond the scope
of this work.

A. The UL

The transmitter power is assumed to be 23 dBm for the
UL. We assume that each cell has 3 users, each equipped
with Nt = 3 antennas. We also assume that CCSI from the
users in 3 adjacent cells is available. These interferers are
assumed to be dominant while the sum of the other weaker
interference is the remaining interference. We set γ ≈ 0.14
for randomly located users and γ ≈ 0.44 for cell-edge users.

Scenario 1: Randomly Located Users: In Fig. 3, we
compare the optimized transceiver technique with the
MMSE receiver [17] and the combined receiver [10] uti-
lizing ZF precoders. Because we consider the dominant
interference from 2 adjacent cell users to be eliminated via
ZF in the combined receivers (6 users in total), each BS
is equipped with Nr = 36 antennas. We calculate the er-
godic sum rates using (48). As seen in Fig. 3, the optimized
transceivers provide the best ergodic sum rates, where as
the MMSE receiver with ZF precoders provide the low-
est mean sum rates among all techniques studied. We also
observe that the combined receiver performs better than
the MMSE-like receiver as the remaining interference and
noise level is considerably low. We also consider imperfect
CSI and CCSI with ς = 0.99 (see (22) in [19]). As seen in
Fig. 3, the optimized transceivers with imperfect CSI and
CCSI perform better than the other techniques with perfect
CSI and CCSI.

Scenario 2: Cell Edge Users: Cell-edge users suffer re-
maining interference more than other users. At high transmit
SNR, the system can be considered noise-limited because
the remaining interference is treated as noise. The results

Fig. 4. Ergodic sum rates, cell-edge locations (Scen. 2 - UL).

Fig. 5. Ergodic sum rates, random locations (Scen. 1-DL).

in Fig. 4 indicate that the combined receiver does not per-
form well in noise-limited environments due to ZF noise
enhancement. This also supports the findings of [10]. We
also consider imperfect CSI and CCSI with ς = 0.99. The
results demonstrate that the optimized transceivers with im-
perfect CCSI perform significantly better than the other
techniques with perfect CSI and CCSI as the optimized
transceivers also deal with the remaining interference with
the precoding vectors.

B. The DL

Here, we assume K = 3 users in each cell. We also
assume that transmitters and receivers are equipped with
Nt = Nr = 4 antennas as in [17], [19]. The transmitter
power is set to be 46 dBm [19]. Considering the existence
of 2 dominant interferers, we find γ ≈ 0.68 for randomly
located users and γ ≈ 1.49 for cell-edge users [19].

Scenario 1: Random User Locations: We first consider
random user locations. Simulation results in Fig. 5 demon-
strate that our proposed optimized transceivers outperforms
the technique of [17] and [19], i.e., MMSE-like receivers
with ZF and SLNR precoders, respectively. Considering 2
dominant interferers, the proposed technique achieves ap-
proximately 16% improvement over [17] and [19] with full
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Fig. 6. CDF of sum rates for random locations (Scen. 1-DL).

Fig. 7. Ergodic sum rates, cell-edge locations (Scen. 2-DL).

cooperation. The same trend is observed for imperfect CSI
and CCSI.

We also consider cumulative distribution functions (CDF)
of sum rates at 30 dB transmit SNR as in Fig. 6. The re-
sults demonstrate that at the median CDF point, there is
a 1 bit/sec/Hz difference (approximately an 18% increase)
between the optimized transceivers and the techniques of
[17] and [19] when CSI and CCSI are perfectly estimated.
The results also show a very small gap between the opti-
mized transceivers with imperfect CSI and CCSI and the
CDF of [17] and [19] with perfect CSI and CCSI.

Scenario 2: Cell Edge Users: Fig. 7 investigates the
performance of cell-edge users. We demonstrate the gain
that can be achieved by considering 2 dominant interfer-
ers. Simulation results indicate that the proposed optimized
transceivers achieve significant gains for cell-edge users.
Considering 2 dominant interferers, optimized transceivers
achieve approximately 67% improvement in the sum rates
over that in [17] and [19]. Furthermore, the optimized
transceivers outperform the other techniques with imper-
fect CSI and CCSI.

In Fig. 8, we demonstrate the CDFs of the sum rates for
cell-edge users. At the median cdf point, the results show
a significant decrease in ergodic sum rates with imperfect

Fig. 8. CDF of sum rates, cell-edge locations (Scen. 2-DL).

Fig. 9. Ergodic sum rates, random user locations, DL.

CSI and CCSI. However the optimized transceivers achieve
considerably higher ergodic sum rates than [17] and [19].

C. Different Number of Users and Base Stations

We now consider different numbers of users and base
stations in our simulations. We first evaluate a four-user-
19-cell layout and denote this scenario as Scenario A. Then
we change the number of cells (hence base stations) and
consider a four-user-37-cell layout and denote this scenario
as Scenario B. Note that the intersite distance is assumed as
2 km in both scenarios.

The simulation results for Scenario A and B are given
in Fig. 9, where we consider randomly located users in the
DL and both transmitters and receivers are equipped with
Nr = Nt = 5 antennas. The results demonstrate that more
cells (therefore more interfering BSs) reduces the ergodic
sum rates, as expected. Because the BSs which are added
in Scenario B are in the third tier, the additional intercell
interference is relatively low. Therefore, the decrease in
ergodic sum rates due to the additional cells is not very
significant.
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TABLE III
OUTAGE PROBABILITY WITH/WITHOUT COOPERATION

D. Cooperation

Here, we compare different cooperation levels in our sys-
tem. In full cooperation, the CCSI from dominant BSs is
available for all users. For partial cooperation, only users
in the cooperation-zone can access to the CCSI while
no-cooperation refers that no CCSI is available to any
user [19]. In Table III, we consider the partial cooper-
ation scheme with the cooperation threshold, λ = 8 dB
(see (12) in [19]). We consider the scenarios of [19]
in a 19-cell layout given in Fig. 2. We give the outage
probabilities for users at 30 dB transmit-SNR and demon-
strate that the optimized transceivers provide significant
gains over the ZF and SLNR precoders. It is also observed
that the optimized transceivers with the partial cooperation
and imperfect CCSI can achieve significantly lower outage
probabilities than ZF and SLNR precoders with full coop-
eration and perfect CCSI.2 This indicates that the optimized
transceivers can achieve better performance with less CCSI
overhead. This also indicates the optimized transceivers pro-
vide higher reliability which will be very important in 5G
communications. We note that considering the information
of the remaining interference power in the optimized pre-
coders provides significant gains over ZF and SLNR pre-
coders which do not use this information. We also note
that the majority of the users which are below the chosen
rate threshold (49) are also located in the cooperation-zone.
Therefore, the outage probabilities with the partial cooper-
ation scheme are close to the outage probabilities with full
cooperation.

E. Computational Complexity and Overhead

Unlike conventional methods such as ZF and SLNR, the
proposed method requires an iterative algorithm to derive
the optimized precoders which will increase the compu-
tational complexity of the transmitter and/or receiver. For
simplicity, we neglect the computational complexity of
common parts among the techniques. Furthermore, we do
not distinguish between real-valued and complex-valued
multiplications. Major computational complexity is finding
the eigenvectors and matrix inverses. As in (15), (30) and
(38), the optimum precoders require to find an eigenvector
of an (Nt × Nt) matrix in each iteration. In [27], it
is stated that all computational algorithms to find the
eigenvectors are performed at nearly optimal arithmetic
cost of O(M(Nt) log(Nt)) where M(Nt) is O(Nw

t )
and w < 2.376 in theory. The matrix of which we find

2Please note that for all results in Table III, we assume the direct channel
estimation is perfect (perfect CSI, thus perfect precoding vectors).

the eigenvectors also requires to find the inverse of Eα,i

which approximately has the arithmetic cost of O(N 3
r )

using Gauss-Jordan elimination method [26]. Initializing
precoding vectors also requires eigenvectors and finding the
postcoding vector requires a matrix inverse. Considering l
iterations, the proposed method requires l + 1 eigenvectors
and matrix inverses in total. Therefore, the computational
complexity is (l + 1)[O(M(Nt) log(Nt)) + O(N 3

r )].
In contrast, the SLNR precoder would require an eigen-

vector and a matrix inverse whereas the MMSE-like receiver
would require a matrix inverse. The total computational
complexity of the proposed scheme will involve additional
cost to the non-iterative scheme and this additional cost will
be dependent on the number of iterations. The number of
iterations required to reach minimum MSE in the proposed
method varies for each channel drop. Hence it is difficult to
be precise in evaluating the typical number of iterations. In
the results presented here we observed that the number of
iterations was typically between 6 and 14.

In terms of overheads, [15] requires all the femtocells to
share CSI, the centralized version of [16] requires global
CSI exchange and [17] has repeated CSI exchange be-
tween users and BS. These algorithms all have overheads
due to extra CSI exchange. The distributed version of [16]
and the non-iterative version of [17] have the same ba-
sic CSI exchange as our approach so the overheads are
similar. However, [16] is more complex, requiring iterative
solutions of semi-definite programming (SDP) problems
and is DL only. The non-iterative solution in [17] is not
more complex but has lower performance due to its re-
liance on ZF precoders and maximum beamforming gain
receivers. In contrast, our technique allows the precoders
and receivers to jointly iterate towards a minimum MSE
solution.

VII. CONCLUSION

We have proposed novel optimized transceivers for multi-
cellular networks. For a multicellular UL, we have derived
the optimum precoder-postcoder set that minimizes the to-
tal MSE at the base station. We have shown that optimized
transceivers achieve significantly better results compared to
the combined receivers with ZF precoders of [10]. These
gains are more prominent for cell-edge users. We have also
considered imperfect CSI and CCSI. As cell-edge users
suffer from interference, compared to other users, the gain
that can be achieved with optimized transceivers is more
prominent. In the DL, we have shown that our optimized
transceiver outperforms the existing schemes of [17], [19].
Especially for cell-edge users, we have demonstrated that
it is possible to get gains more than 60%. Furthermore,
we have considered different number of users and cells in
our simulations and demonstrate that the additional inter-
fering BSs do not contribute to the intercell interference
significantly due to the increased path loss. The computa-
tional complexity of the optimized transceivers has been
analyzed. We have also considered the partial cooperation
scheme of [19] to reduce the required overhead and shown
that we can achieve significantly lower outage probabilities
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than the MMSE-like receivers with ZF precoders of [17]
and SLNR precoders of [19] with full cooperation. Higher
mean sum rates for cell-edge users and lower outage proba-
bilities intrinsically improve the reliability which will have
key importance in 5G wireless communications.
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