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Weighted Sum Rate Maximization in Full-Duplex
Multi-User Multi-Cell MIMO Networks

Paula Aquilina, Student Member, IEEE, Ali Cagatay Cirik, Member, IEEE,
and Tharmalingam Ratnarajah, Senior Member, IEEE

Abstract—In this paper we focus on a multi-user multi-cell
scenario with full-duplex (FD) base-stations (BSs) and half-
duplex (HD) downlink (DL) and uplink (UL) users, where all
nodes are equipped with multiple antennas. Qur goal is to
design filters for weighted sum rate (WSR) maximization whilst
taking into consideration the effect of transmitter and receiver
distortion. Since WSR problems are non-convex we exploit
the relationship between rate and mean squared error (MSE)
in order to propose low complexity alternating optimization
algorithms which are guaranteed to converge. While the initial
design assumes perfect channel state information (CSI), we also
move beyond this assumption and consider WSR problems under
imperfect CSI. This is done using two types of error models; the
first is a norm-bounded error model, suitable for cases where the
CSI error is dominated by quantization issues, and the second is
a stochastic error model, suitable for errors that occur during the
channel estimation process itself. Results show that rates achieved
in FD mode are higher than those achieved by the baseline HD
schemes and demonstrate the robust performance of the proposed
imperfect CSI designs. Additionally we also extend our original
WSR problem to one which maximizes the total DL rate subject
to each UL user achieving a desired target rate. This latter design
can be used to overcome potential unfairness issues and ensure
that all UL users are equally served in every time slot.

Index Terms—TFilter design, full-duplex, mean squared error,
MIMO, multi-cell, weighted sum rate maximization.

I. INTRODUCTION

HE demand for mobile wireless network resources is

constantly on the rise, pushing for new communication
technologies that are able to support unprecedented rates. One
such contender is full-duplex (FD) communication. Whilst
traditional half-duplex (HD) systems require separate time or
frequency resources for downlink (DL) and uplink (UL) com-
munication, FD considers simultaneous DL and UL transmis-
sion. The potential to significantly improve spectral efficiency
makes FD communication an attractive candidate solution to
the ever growing spectrum demand problem.

Even though the possible benefits of FD operation are easy
to foresee, there are implementation issues that may pose
significant challenges when trying to translate the theoretical
gains into practical ones. Self-interference (SI), where power
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from the DL transmission interferes with the UL received
signal at FD nodes has traditionally been considered a major
stumbling block. In fact FD communication was conven-
tionally believed to be infeasible due to the presence of
SI. However, in recent years, there have been a number of
breakthroughs in hardware design showing that SI can be
canceled up to acceptable levels [1]-[5] and demonstrating
the feasibility of FD nodes.

The promise of increased spectral efficiency, alongside with
the newfound ability to mitigate SI, has motivated a wide
range of research into FD communication and its possible
applications. For example, the use of FD operation in relays
[6], [7] and cognitive radio systems [8], [9] has proven to be
effective. Additionally FD operation, either at the base-station
(BS) only [10] or at both the users and the BS [11], has been
found to be particularly suited for small cell scenarios due
to the low transmit powers and small transmission distances
involved. Different to [6]-[11], which consider single-cell
systems, here we focus on a more practical multi-cell system
with FD BSs and HD users; the multi-cell aspect introduces
the additional challenge of co-channel-interference (CCI) from
nodes in other cells. A similar system has been considered
in [12] where the authors focus on user selection and power
allocation methods. A stochastic geometry approach for sys-
tem performance characterization of FD multi-cell systems
has been considered in [13]-[15]. In contrast to [12]-[15],
which assume all nodes are equipped with a single antenna,
we consider a multiple-input multiple-output (MIMO) system
and focus on beamformer design for weighted sum rate (WSR)
maximization.

As was hinted earlier, in this work we focus on a multi-cell
scenario where each BS serves multiple HD users; however
unlike traditional systems, the BSs operate in FD mode serving
all of their corresponding DL and UL users simultaneously.
The FD capability at the BSs and the inherent structure of the
network lead to a large amount of interference at the different
receivers. Fig. 1 provides a simple illustration of the network
under consideration, having G cells and one DL and one UL
user per cell. It can be seen that, apart from the usual standard
HD network interference components, for UL communication
BSs have additional SI and BS-to-BS interference, while DL
users have additional CCI from UL users both from the same
cell and from other cells.

Since our main focus is on small cell networks where
coverage distances are short and BSs and users have similar
transmission powers [16], we consider the case where none
of the interference components may be ignored; therefore
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Fig. 1: G-cell network with an FD BS, and one DL and one UL user per cell.
Solid lines represent desired links, while dashed ones represent interference
links.

the challenge is to manage all the interference while still
delivering good service to all users. This is in contrast to
prior studies which assume that CCI can be avoided via
scheduling [17], allocating different sub-carriers [18] or as-
suming channels between UL and DL users to be sufficiently
weak [19]. Additionally, we also take into consideration the
effect of transmitter and receiver distortion. These hardware
impairments are a natural consequence of non-ideal amplifiers,
oscillators, analog-to-digital converters (ADCs) and digital-to-
analog converters (DACs), and cannot be avoided in practice
(71, [9], [20].

Within this context, our aim is to investigate under what
conditions replacing HD BSs with FD ones may be beneficial
within a small cell scenario with multiple cells and multiple
legacy HD users. Since WSR problems are non-convex, we
map each of them to a weighted minimum mean squared error
(WMMSE) problem. This technique is less computationally
complex than gradient-based alternatives for WSR maximiza-
tion, is guaranteed to converge, and has been proven to work
for various types of HD networks [21]-[23]. The rate to MSE
relationship was also used for transceiver design in MIMO
interference channels with FD nodes throughout under the
perfect CSI assumption in [20]. Unlike [20], we consider HD
users and cater for multiple users per cell; additionally, we
cater for imperfect CSI under two different models. To the
best of our knowledge, the potential gains of FD operation in
a multi-cell multi-user MIMO system have not been reported
yet. Motivated by this, here we make an attempt to understand
the benefits and actual gains that can be achieved by the use
of FD-based transceivers in such systems.

With respect to the imperfect CSI aspect, we first consider
a norm-bounded error model, suitable for situations where
the CSI error is mainly due to quantization. Secondly we
consider a stochastic CSI error model, more suited to errors
occurring during the channel estimation process itself. Results
show that FD communication can indeed achieve higher rates
than the baseline HD scheme for intermediate to low distortion
levels and confirm the robust performance of the imperfect
CSI designs. Finally, we extend our original design to one
which maximizes the total DL rate subject to each UL user
achieving a pre-established target rate. This can be used in

situations where it is important that each UL user is equally
served in every time slot, which is not guaranteed with the
joint design.

The rest of the paper is organized as follows. Section II pro-
vides some preliminaries. In Section III we present the WSR
problem under perfect CSI. Sections IV and V tackle the norm-
bounded error and the stochastic error problems respectively.
Next in Section VI we consider the extension to a weighted
DL rate maximization problem subject to a minimum per UL
user target rate. Simulation results are presented in Section
VII. Section VIII provides an insight on the implementation
and complexity of the proposed algorithms, and finally Section
IX presents some concluding remarks.

Notation: , cov(A), Tr(A) and (A)¥ indicate the
determinant, covariance, trace and Hermitian of A. diag(A)
represents a diagonal matrix containing the elements along
the diagonal of A. [A],, refers to the mth element along
the diagonal of A. vec(A) is a vector obtained by stacking
the columns of A. | Ay |x=1.. x denotes a matrix obtained by
stacking Aq,...,Ak. ®, ||| and ||-|| # indicate the Kronecker
product, the Euclidean norm and the Frobenius norm.

II. PRELIMINARIES
A. System model

We consider a scenario having G cells, where each cell g
has one FD BS, K;l DL users requiring by streams each and
Ky UL users requiring b, streams each. BSs are equipped
with Mp FD antennas, DL users are equipped with M; HD
antennas and UL users are equipped with M,, HD antennas.
The maximum transmit power is given by Pp at each BS and
Py at each of the UL users.

The signal received at user k;l, the kth DL user in cell
g, and at BS ¢ are given by (1) and (2) respectively. Here,
Hya; € CMaxMz represents the channel from BS j to DL
user k¢, Hya 0 € CMaxMu s the channel from UL user 4} to

DL user k‘ Hg i € CMB*Msz g the channel from BS j to BS
gand H;» € CM5*Mu is the channel from UL user if to BS
9.V, 4 € CMsxba g the precoder for s, i with s, 4 € (deX1
being "the data intended for the ith DL user in cell J, where
E[s 48] 4] =L Viu € CMuxPu is the precoder for s;x, with

(Cb“ x1 bemg the data transmitted by the ith UL user in
cell J, where E[sluslﬂ] = I. Moreover, Ny and n, represent

addltlve white Gaussmn noise with zero mean and variance O’U
and 0% respectively. Finally, Ciu and c; ¢ Tepresent transmitter
distortion at UL users and at the BSs respectlvely, while €}
and e, represent receiver distortion at DL users and at the BSS
respectively.

Transmitter distortion models the effect of limited transmit-
ter dynamic range by approximating the combined effects of
additive power-amplifier noise, oscillator phase noise, and non-
linearities in the DAC and the power amplifier. This distortion
is statistically independent from the transmitted signal and can
be modeled as [7]

C;d ~ CN(O, KRB dlag(VZdeg))
J J j

J
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extra residual ST for
imperfect CSI scenarios (3)

where ki, kg < 1.

Receiver distortion models the effect of limited receiver
dynamic range by capturing the combined effects of oscillator
phase noise, additive gain control noise, and non-linearities in
the ADC and gain-control. It is statistically independent from
the received signal itself and can be modeled as [7]

epa ~ CN(O,BUdiag(cov(ykg — ekg,))>
ey ~ CN(O,BBdiag(cov(yg — eg)))

where Oy, B < 1. .,

Finally, since with perfect CSI H, , Zfiﬁ Vig Sid is known
at BS g, this can be subtracted from y, resulting in (3) with
© = 0 [7]"%. The parameter © is a binary term used to
differentiate between the perfect and imperfect CSI scenarios.
For the perfect CSI case © = 0, whilst for the imperfect CSI
case © = 1 leading to an extra residual SI term; further details
for the imperfect CSI case are provided in Section II-B.

Similar to prior work dealing with beamforming and in-
terference management, our proposed algorithms require CSI
knowledge in order to be implemented. While going into
the exact details is beyond the scope of this work, it is
important to highlight the fact that all relevant channels can
indeed be learned. Channels from users to BSs, from BSs to
users and between BSs can be estimated using standard 3GPP
LTE channel estimation protocols for HD systems. Channels
between the users can be learned via neighbour discovery
methods applicable to device-to-device (D2D) communication,
such as sounding reference signals (SRS) in 3GPP LTE. (See
for example [12], [24], [28] and references therein for further
details on channel estimation.)

B. Imperfect CSI considerations

Whilst perfect CSI formulations provide a useful baseline
to highlight the advantages of FD over HD, it is important
to recognise that the perfect CSI assumption is idealistic; in

IThe SI channel can be estimated using pilot signals. For SI channel
estimation, the FD node transmitting the pilot signal is also the one receiving
it, this implies that the signal is received with high power. Having a strong
signal allows for accuréilite estimation of the SI channel Hy , [24], which

implies that Hy 4 ZZ WV, idS;¢ can be considered as available at BS g
under the perfect CSI ai@umptlon The effect of residual SI is then captured

in the term Hy 4 ZZ 1 €

2Note that other llterature like [7], [8], [20], [25] adopts a partial SI
cancellation method similar to the one used in this paper, while others
implement partial SI cancellation via the use of an attenuation factor [26].
However a completely different model may also be adopted where Hy 4 is
used to represent the residual SI channel directly, see for example [27].

d+eg

practice only an imperfect estimate will be available. Therefore
moving on from the original perfect CSI assumption we will
also consider the design of robust beamformers. The channels
are modeled as

g i = g so + Agg i
Hya ;= ﬂkg,j + Ak:g,j
Hg i = Hgﬂ‘; + Ag,i}‘
Hy,; = ﬂg,j + Ay, 4)

where H indicates the perfect channel, H is the imperfect
channel and A is the CSI error. Note that the significance of
the indices used to represent the channels and errors between
various nodes in (4) follow those outlined for (1) and (2).

For the imperfect CSI case only Aggzl 1VZde is
known at BS g. This can be subtracted from y, resuftmg in
(3) with © = 1, where there is an extra residual SI component
compared to the perfect CSI case.

The CSI error will be modeled in two different ways as
follows.

1) Norm-bounded error model: For the deterministic
norm-bounded error model, the Frobenius norm of the CSI
errors cannot exceed a pre-established upper bound, and the
CSI error is expressed as

{Akaiv : [[Agaullp <epagu} Yk, g5
{Agaj  l|Agajllp <exajt VK, g,j
{Agiv : [[Aginllr < €gin} Vg, g
{Agj 1A 5llr <egj} V9.3 (5)

where ¢ represents the upper limit on the Frobenius norm of
the error. This model considers the case where the imperfect
CSI is allowed to fall anywhere within an uncertainty region
around the perfect CSI value and is particularly suited to
situations where quantization errors dominate the imperfection
in the available CSL. It is well established in literature and has
been considered for beamformer design in a variety of systems,
for example MIMO relay networks [29], MIMO interference
broadcast channels [30], DL multi-user MIMO systems [31]
and point-to-point MIMO communication [32], [33].

2) Stochastic error model: For the stochastic error model
the CSI errors are assumed to be independent of the perfect
channel, H, and distributed as follows

Akg,i; ~ CN(0,nyuT)
Aga,; ~ CN(0,nupl)
Agiv ~ CN(0,np01)
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+Zj 12 ﬂBdlag(HgJVdV U ) *Zﬂz " Bpdiag( (Hyix Vir VIEH )

KUHg,i“ diag(Viy Vi) H{u + Bpo]
(10)

-1

(1)

Ay j ~CN(0,nB5T) (6)

where n represents the variance of the CSI error and the
subscripts B and U indicate the BS and user respectively. This
type of error model is suitable for cases where the channel
error is mainly due to estimation inaccuracies. The parameter
n can be assumed to be known a priori depending on the
channel dynamics and the channel estimation scheme applied.
It may be viewed either as a whole [34] or modeled as [35]

Mt = TPri
where r,t € {B,U}, p represents the signal-to-noise (SNR)
ratio of the corresponding link and the parameters 7 and v

are used to capture a variety of CSI acquisition scenarios for
7>0and v > 0.

C. Relationship between achievable rate and MSE

Since our approach for WSR maximization is based on
minimizing the mean square error (MSE), we first need to
relate these two metrics. Such a relationship has already been
established for several HD systems in [21]-[23], where it is
shown that R = log2|1:]_1 , with R representing the rate
and E representing the MSE matrix®. This equality holds
for independent input signals and noise, and for cases where
optimal MMSE receivers are used.

Starting with the rate expression for the kth DL user
in cell g, under Gaussian signaling, we have de =
log, I+ @, de deVH HH ,| Where @4 represents the

DL interference plus noise covarrance matrix, expressed as

P §G EKfH V..VEHZ F
kg T Lujoq Ly kgd Vg YVl ERRL

(4,5#k,9)

G K
—I—E E H.:« ..V, V.H
j=1 i1 kgt Vg Yy Rk

2
v +opl

3Note that [21] and [22] establish the rate to MSE relationship using base e
logarithms, while this paper and [23] establish it using base 2 logarithms. The
overall rate to MSE relationship is essentially the same, with the choice of
logarithm only affecting the corresponding unit for R. For base e logarithms
R is in nats/s/Hz, while for base 2 logarithms R is in bits/s/Hz. The resultant
WSR to WMMSE problem transformations are also similar, except for the
In2 terms which do not appear when base e logarithms are applied.

with F ke defined in (7), representing the combined contribu-
tion of the transmitter and receiver distortion. The approxima-
tion is obtained by omitting terms involving the multiplication
of kg, ky and By with each other since their product is
negligibly small.

The DL MSE matrix is given by Ejs = ]E[(ngykg —
Ska)(UpaYga — skg)H ] where the expectation is taken with
respect to s and n under an independence assumption, and
Uya € CPa*Ma ig the receiver applied by the kth DL user in
cell g. Applying an MMSE receiver, de arg rnl}n Tr(Ekd)
given by (8), then the DL MSE matrix can be expressed
as Ekd = I+ ViHEY 22 de de) . Finally using
an argument parallel to the one from [21] [23], it can be
established that

ng = 10g2 ‘E];gl

9
The rate achieved by the kth UL user in cell g, under Gaus-
sian signaling, can be expressed as Ry = 10g2\1+<1>,;}Hg7k;

ngV,’:{,Hgl wu| Where <I>kg represents the UL interference-
~ g Jg B .
plus-noise covariance matrix, given by

Dy :Z j=1 Zl 1H9,1Vz‘¢VﬁHgIz{j +F,

(J#)

Z X 1HWV WV HH“+aBI
Jj= 1=
(4,j#k,9)

with F, defined in (10), representing the effect of transmitter
and receiver distortion.

The UL MSE matrix is given by Ejxu = E[(ngjfkg -
sky ) (UkpFgu — sku )] where the expectation is taken with
respect to s and n under an independence assumption, and
Uy € CP«*Mz g the receiver applied by BS g to obtain the
information transmitted by the kth UL in its cell. Applying
an MMSE receiver, Uku, = arg nrnn Tr(Ek) given by (11),

then the UL MSE matrix can then be expressed as Eku =
I+Hg7kquu‘I>k“1V,€{ Hg - Next using an argument s1m11ar
to the one from [21] [23] we can establish that

Rk-g = log, ‘E;g

12)
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Kd
Lo3 T (Biy Uiy 80, Vi VAL UL BYL )
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(16)

III.

Starting with the perfect CSI case, we want to find the
optimal precoders that maximize the WSR subject to transmit
power constraints, i.e.

G K? G KY
max E E T oogaRpa + E E T agu Ry
AV4 g=1 k=1 g g g=1 k=1 g g

Tr(ngV,?g) <Py Vk,g

WEIGHTED SUM RATE MAXIMIZATION

S.t.
Kd
>
where QU and Qg V k, g denote pre-defined weights. Using a
method parallel to that of [21]-[23] we can establish an equiv-

alence between the WSR problem (13) and a corresponding
WMMSE one as in Theorem 1.

Tr(deVgi) <P Vg (13)

Theorem 1. The WSR problem in (13) is equivalent to the
WMMSE problem in (14), such that the global optimal solution
for the precoders of the two problems are identical.

aQ K
In2 Qged
mn} ZZ [Tr(WkdEkd) —akdlog2 deg ~ o bd]
g=1k=1 g
¢ & In2 a
n ku
+ZZ [Tr(wkgEk;) _Oék;;Ing OTkag n2 u:|
g=1k=1 g
5.1, Tr(Vie VL) < Py Vk,g
g9
Kd
D (Vi Vi) < Pp Vg (14)
Proof. First we define the metrics Tr(WkdEkd) and

Tr(WkguEkg) used in (14) as in (15) and (16) Here Bkd

comes from the decomposition of Wkg as Wkg = deBkg,
and Bku comes from the decomposition of Wk;; as
B kuB -

Cons1der1ng (14), it can be seen that the optimal U are
the standard MMSE receivers de and Uku in (8) and (11)
respectively. Next, fixing U and V ‘and checkmg the first order
optimality conditions for W, we obtain the optimal weights
as

u =
k!)

_ ak‘é — 1 —
kaé = EEIC;L and Wkg = Eku . (17)

In2

Substituting for optimal U and W in (14), we have the
following problem

d
H{.}nzjzlzfil_akg IOgQ ‘E;gl +Z Z

s.t. Tr(Vk;V,%) <Py V k, g

Oékulogg ‘Eku

K¢ -
Zk:l Te(Vig Vi) < Pp Vg

which considering (9) and (12) is the same as the original one
in (13). O

Since (14) is not jointly convex in U, V and W but
separately convex for each of the variables, we apply an
alternating minimization approach to solve the problem as
outlined in Algorithm 1. Having closed form expressions for
U and W, we need to focus on obtaining V. Fixing U and
W, (14) can be expressed as

mng 1Zk . WkdEkd +Z Z

s.t. Tr(ngng) <Py V k,g

TI‘ WkuEku)
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d

K
Zk X (dede)<PB Vg.

The Lagrange dual objective function of (18) is given by (19)
where )\kv and p, are the Lagrange multipliers associated with
the transmit power constraints. Setting dL/0V;, = 0 and

oL/ GV,CH = 0 we obtain the closed form solut1ons for the
optimal precoders as

ng =Xy + NgIrl
Vku = [Xku + )\kuI]

(18)

HY, UL Wy
HgkuU Wku (20)

where X, and Xku are defined in (21) and (22). The Lagrange
mult1p11ers fg and Agu should be either zero, or positive
numbers that satisfy

Tr (Vi O )VEL () ) = P

K
> T (Vi) Vi) = P . 23)
The equalities in (23) can alternatively be expressed as
My, [Gk:g]m
Z 7 =1v
m=1 ([Agalm + Ary)
M Golm
S D = P
m=1 (nglm + ,Ug)
where Ak; comes from the decompo-
sition Xku = Cku Aku C]Ig“ Gku =
g g g g
c Hg kuU WkuwkuUk“Hg,k'ng};, D, comes
from the decomposition X, = QDy,Q) and

d
ot QUHE, UL W WU H, Q. These
can respectively be solved for Al andgug using linear search
techniques, such as the bisection method [22].

Therefore to solve (14), we can follow the process in
Algorithm 1, where in Step 2 we use (8) and (11) to calculate
the receivers as de = de and Uku = Uk-u The weights
in Step 3 are calculated as Wkd = Wkd and Wku = Wku
using (17). Finally (20) is used to calculate de = de and
Vku = Vku in Step 4.

Remark 1. The alternating minimization process used to solve
the WMMSE problem decreases the cost function monotoni-
cally at each step of the iterations. Since the cost function is
lower bounded, then the algorithm is guaranteed to converge.
Additionally, using an argument parallel to the one in [22]-
Appendix C, convergence to a stationary point of the original
WSR problem can also be proven.

Algorithm 1: Alternating optimization process to solve
WMMSE problems

1 Initialize Vo and Vi V £, g.

2 Calculate ngd and Uku VEk,g.

3 Calculate Wkd and Wku Vk,g.

4 Compute de and V. V k,g.

5 Repeat from Step 2 untll convergence or for a fixed number
of iterates.

IV. ROBUST DESIGN WITH NORM-BOUNDED ERROR
MODEL

We now want to solve the WSR problem from the prior
section with additional considerations for norm-bounded CSI
errors, i.e.

i G K G Ky
maxmind > " owgRig+ ) D7 cnyRuy
H
s.t. Tr(VkEng) <Py Vk,g
Kd
> Te(Via Vi) < Pp Vg
k=1 g kg’ =
{Ak_g,i; : ||Ak:g,¢;||F < Ekg,i;} Vk,gij
{Aga ;i [Agajllr < epa;} V9,7
{Agiv  ||Agiullr <egiv} Vg,i,5
{Ag  11AgllF <egs} Vg3
Similar to [30], [31] and references therein, we apply
an iterative approach to solve our non-convex optimization
problem. Such an approach involves solving a convex sub-

problem at each iteration step and has been proven to converge.
Having already established an equivalence between (13) and

(24)




(14) for the perfect CSI case, it can easily bee seen how the
cost function of (24) can be mapped to

max Imn rnax ZZ —Tr( WkdEkd) + ogkdlog2 Wkd + lde]
g=1lk=1
¢ Ky ok
AN |- (Wiy By ) + ay log, |~ Wku Ty b
g=1k=1

(25)

Applying the max-min inequality, which states that for any

function f(w,z) then minmax f(w,z) > maxmin f(w, 2),

rather than using the cost function in (25) we can instead focus
on solving the following problem

a K
. In2 Qpd
vn%juv(valngz::lkzzl —Tr(Wk-gEkg) +akglog2 a—kgwkg + ln§ bd:|
¢ & In2 a
n. kY
+g21; —Tr(Wiy Eiy) + agglog, aTgW’“g 1115 u}
s.t. Te(Viy Vi) < Py Vg
K¢ o
Zk:l Te(Via Vi) < Pp Vg
{Akf},i}‘ : HAkg,inF < 5kg,i}‘} Vk,g,i,j
{Akg,j : HAkg,jHF < €kg,j} VEk,gj

{Agiv  [[AgiullF < egav} V9.5
{Agj: [[Agllr <egj} V9,5 (26)

Note that the cost function in (26) is not equivalent to the
original one in (25). However the ensuing formulation is still
a valid one; firstly the new cost function is a lower bound
on (25) i.e. the resultant rate is surely achievable. Secondly
the formulation in (26) ensures that none of the optimization
variables depend on perfect CSI, which is the ultimate aim of
a robust beamforming approach.

Theorem 2. The optimization problem in (26) is equivalent

to the r ‘ormulation in (27) such that the optimal U, V and
B for the two problems are identical.

¢ Kj G
mi k. i; — mo k. i
VUBmAZZ|: ZZ Rgty 271: kg

g=1k=1 J=1i=1
In2
(UU—‘y—ﬁUUU)HBkddeHF +akd10g2 BkdBkd +17bd

u
K

G G
DI EDIP P ngﬁ
g=1 j=11i=1 j=1

cu
. 2 2 V1B ra Uy |12 ) In2 BLB Qg b
> |~ (0B +880%)|Bry Uy |7 +arylog, o By Bug| 50
k=1 g
st Tr(Vie Vin) < PuV kg
ZKﬂd Tr(V,a VL) < PsV g
k=1 kg kg =B
M kgi; = Alkgi; “-’{I,kgij 0
W1,kgij I _Ek(gl,l;j,ﬂl7kgij z ov k,g,i,j
M2,kyi — A2,kgj wgkgj 0
W2.kgi —erd i 2kei | =0V k,g,j
H
I 0 —exd, i D2k, Aol

ms,gi; — )‘S,Qij wggij 0
w3, gi; —€g,ivgi; | = OV g,i,j
0 —Eg,iY Qs,qzj A3,9i; 1
H
Ma,gj — Mg Wi,gj 0 ‘
W4,g; —€9,j,9; | =0V g,]
0 Eg JQ47QJ )\4,ng
Mgi; 20, A2k, 20, Azgi; =20, Aag; 20 V k,g,4,7

27

In (27), m and X represent additional scalar variables intro-
duced during the reformulation, and the w and §) terms are
defined as follows.

vec(Bkgzngﬁkgz,i;Vi;) ]
A g kgTTR, A
Wiky,i;= (ku)? {((S"V“’)T ® (Bkdde))veC(Hkg*i}i)J n=1...M
(ﬂU)%L(ViT (U B,fd)T ))Vec(ﬂkg!i;)Jn:L“A{d_
[ LVQC(Bngkgﬁkg,jVi;l - 55}gBk3)J,:L__Kd _
wak,, = \‘( )%[((San ®veC(Bngkg))VeC(ﬂk:g,])Jn:L I"IBJI:L_.K‘I
1 T H RH\T 1, .
L \‘(ﬂU) {(V27®((ngBk5) Sn))vec(Hk“"])Jn:1~~MdJi:1..-Kf i
i {VEC(BWU;@EIA{%#V@ _6’{‘;,JQB’“S)J k=1..Ku |
W — \\(nu)f (EADR: (Bngk;))vec(fIg,z;f)J":L Mqu:1___Ku
2| (VL ® (UL BE)T L,
_{(5 5) Kv ® (ULLBH) Sn))vec(Hg,LJ )anl...MBJk=1,,,K;_
{19 Vec(BkuUku nz d)J e K; |
e xd
3| ((s.V, B Uy
way— {(HB) L(( i2)" ® (Bry Usy)) vee( J -1 MBJki :;
\‘(ﬂB) K <(Uk“BE§})TS )vec Jn 1. MBJ = Kg
1
Qik,,i; (k )2{(8”\/17) (Bngkg)Jn:LH]Wu
1
(50)* |VE @ (UEBETS.)|
- T T
{ (Vl}’ ® B’“gUk3> Ji:l...Kfji
1 T
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J
1,7 BH T
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[ L(VZ; ® Bk;Uk;)Jk:lmK; |
1 T
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I g n=1..Mp |1 g |
[ \‘ (Vz; ® Bk}j Uk”) J k=1..KY¥ |
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1
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where S,, is a selection matrix consisting of all zeros except
for the nth element along the diagonal which is equal to 1,

5§3s:{é i (h,9) = (1) g ﬁgz{o ifg=j

otherwise 1 otherwise

Proof. The problem formulation in (27) is based on finding an
equivalent form for the inner minimization of (26). Note that
TI'(WkdEkd) and Tf(WkuEku) are given by (15) and (16)
where © ='1 since we are deahng with imperfect CSI. Also
the CSI error, A, appears in these terms when we replace H
with H + A from (4). Next it can be noticed that the problem
is separable over each occurrence of the different types of
CSI error [30], i.e. we can separate the problem over Akd i
Ak'g,j’ Ay, i and A, ;, and focus on one of them at a time to
obtain a more useful formulation.

Starting with A kit this will only appear in terms contain-

ing de , since de = de o+ Akg ;. Therefore from
the overall cost function of (26) f7rom the perspectlve of each
Akg ;u, we are only concerned with

)

Tyg,s = Tr (Bkddede w Ve VAHL, ULBL )
e g g 9’"j J ‘5

HpH
JuLy)

+Tr(BUBkdded1ag(de s Vi VIH, .,)UngBng)

Ty (HUB,gdU,gdew diag(ViyVﬁ)de

—Tr (Bkddedequ VIEH[ L ULB/! )

M,

—s—ZTr(mUBngkngg’i; SaVir VIS, TH,  ULLBY, )
n=1
Mg

+Z:lTr(BUB,CSU,C;[SHH,CSJ;Vi:;LV{;H%_i]_S U/Bl )
=

Using Tr(XX") = |vec(X)|]?, vec(XYZ) = (ZT ®

X)vec(Y) and introducing slack variable 1y, ;;, this can
be expressed as

T kyi; = llW1,kgi; + kg, vee(Apa i )H <My kyi;- (28)

Thus, the inner minimization in (26) from the perspective of
each occurrence of Apaq ;u is given by
9’73

max —mlvkqi].
m <

St |1 kyi; + 1k, vee(Aya, i“)”2 < M kyi;

V{Akg,i |[vec(Ayq, u)H < €k, u}. (29)
Next, representing the inequality in (28) as
— (w10, 4821, k(]l/VeC(Akd ))HI(kagi].+ﬂl quJVeC(Akd ))

+my g, 20

we can apply the Schur Complement Lemma, to formulate the
constraints of (29) as

H
|:7n1*k.qi1 U”l.kw{7 :|+

HQH
0 VeC(Akg,ij;) (25
W1 kyij I 0

= 0.
Ql,kgiyvec(Akgaﬁ;) -

Additionally, applying Lemma 1 from Appendix A with £ =

€ iv> B =10 o, .. C=[-1 O]HD = vec(Agg ;v ) and
A= mlakgij 1 kgij

wlvkgij I

this can be further represented as

R ) H
M1 kyi; )\171‘391] wl,k_qi_, 0
)\l,kgij 207 wlvkgij _6k37iyﬂlvkgij ~0.
H .
0 —Erd i Ny, ALkgis1

(30)

Using the same separation of variables principle for Akg, s
Ay and Ay ;, for each of these CSI error terms we only
need to focus on specific parts of the cost function given by
(31), (32) and (33) respectively.

d
J

Togi =Y

{Tr(;«UBBkddede_jdiag(Vﬂvfg)H U[LBL )
g g g° J 5
i=1

+Tr (Byg (UpgHig Vi —05T) (Upg By 1V 0 — 357D B )

+Tr(BUBngkgdiag(Hkg7jV1-;iVZ£Hk ULLBL, )] 31)

u
g

Ty gi; = Z

k=1

+Tr (Bkg (UseHy 6 Vie —659T) (Up Hy 1 Vi —55’]91)3,?3)

[Tr (HUBk; ng Hg,i; diag(Viy Vg )HH u Uk'u Bk'u )

+Tr </3’BBngk_gdiag(HgluV ViAnl, UL B )} 32)

Ku Kd

>y

k=1 i=1
+(1=99) (Bry Uy A, Vi VAL UL B )

T4,gj |:79qTI‘ (BkuUkuH V dVHHH U B )

+Tr (/ﬁBBk;Uk;Hg}jdiag(VﬂVﬁ )Hj{jUk;Bk;)
+Tr (BBBngkgdiag(H Vi VIR ULLBY )} 33)

Following a process similar to the one outlined for Aja ;u
. .. . 9’73
we can introduce additional slack variables such that

Topeyj = wa,k,s + Doy gvec(Dga ;)P < ma,;
Ts.gi, = llws,gi, + ﬂg,gijvec(Agyi}L)H < m3gi,

Tigj = llwagj + Ragjvec(Dg )I? < mag; -

The introduction of these slack variables allows us to formulate
the corresponding constraints in the form of (30). Additional
details are not provided here since the process required for
each of Akd AVS iv and A, ; follows the one already outlined
for A kit After gomg through this procedure, we can express
the or1gma1 cost function from (26) as a summation of the
slack variables and some additional terms in order to obtain
the final problem formulation in (27). ]

Since problem (27) is not jointly convex in U, V and B
we apply the alternating optimization approach in Algorithm
1 to solve it [30]* . In Step 2, to compute U we fix V and
B and solve the resulting semi-definite programming (SDP)
problem. In Step 3 instead of finding W, we now want to find

4Note that some additional minor reformulations are required when solving
for U and B. In particular, we introduce slack variables to handle terms of
the form ||BU||% in a manner similar to the process applied in (28).



a Kj a Kj
E = deZZde Vdv de Ul +deZZde W Vi Vi de ude — UpgHyg o Vi —VfdﬂkdegUgﬁ
j=11i=1 j=11i=1 ! ! !
+ (o + fkg)ngUg{ql + ngﬁnggfg +1 (35)
a Kj ¢ Kj
~ A ~ H ~ ~ H A ~ H
Ef, = Uiy > D Hy Vi VIH, JUR + Uk Y > Hy o Vie VIEH UL — Upg g gy Vi — VIEH, 4, UYL
i=1i=1 j=1i=1
+ (0% + fo)Uky U + U, By UL +1 (36)
_ G K¢ L H G Ko A H . -1
de Vi, de {Zj_l > Hyo; Via ViiHyy +ZF1 > B Vi VI o + Fra + (o7 + fkg)I]
(37)
K“ R —1
Uku = Vi gku [ZJ ! Z ngv VHng +Z] > Hy quuVIng o+ B+ (05 + f,) } (38)

B where W = BYB. Therefore, after replacing terms of the
form alog,| (In2/a) BEB| with 2 alog,| (1n2/a)% B, we
fix V and U and solve the resulting determinant maximization
(MAX-DET) problem [36]. Finally, in Step 4 to compute V,
we fix U and B and solve the resulting SDP problem. All
problems may be solved using standard convex optimization
solvers. Note that analogous to the algorithm from [30], the
alternating maximization approach applied here to solve (26)
converges. This follows because each step of the iterations
leads to a monotonic increase of the objective function;
since the objective function is upper bounded, convergence
is guaranteed.

V. ROBUST DESIGN WITH STOCHASTIC ERROR MODEL

For the stochastic CSI error model, all nodes have access to
H instead of H. Therefore instead of focusing on the actual
achievable DL and UL rates, we consider their lower bounds
RS and Rku, where channel estimation errors are treated as

noise [37].
Starting with the DL, under Gaussian signaling, R;fd =

A~ —1.a ~ H ~
log,|I + ‘I)kg Hkg,gvkgV%Hkg,ﬂ where @4 is defined as

$ ¢ S m,, vavial 4 F
b =2y Dy Heg Vi VigHg 5 + iy
(4,5#k,9)

G K H
+ Zj:l Zzzjl Hp i Vz‘;VZHk_g,i; + (o, + Sra)L .

Here de is defined similarly to (7) but has all instances of

H replaced by H. Additionally, fkd reflects the effect of the
stochastic imperfect CSI and is glven by

G K¢
fkg ~ nUB(]— + KB+ BU) ijlzizjl Ir (Vlfvfjg)
G K3 H
+nuu(1+ kv + Bu) ijlziz1 Tr (Vi}bvi;‘b) '

For the UL, assuming Gaussian signaling, we have Ry, =
g9

A~ —1._a ~ H
H
log,|T + &, Hg,kgvkgvkg .,

- G
@ky == E j=1

i u is given by

~ H ~
HWV dngQ,j +F,

(e =1
¢S A, WV VIRY L (034 £
T2 s il Hoy Vi VIR o + (0 4 )
(1,5#k,9)

Here Fg is defined parallel to (10) with H replaced by H and
fq is equivalent to

J

G K}

Therefore for the stochastic CSI error model, the WSR
problem we want to solve is

G K? el K
max E E ! Ry + E E * apuRZ.
AY4 g=1 k=1 g g g=1 k=1 g g

s.t. Tr(ngV,%) <Py Vk,g

G K¢
fo ~npe(1+ kg + BB) ijlzizjl Tr (VZ-?Vﬁ)

Kd
E ¢ Tr
k=1

Similar to the perfect CSI case, we will solve this problem
by transforming it into a WMMSE one. To obtain the MSE
matrices, we start with Eya = E[(ngykg - Sk;)(Uk;lYkz]i -
skg)H] and Epy = E[(Ugpyy — spu)(Ugryg — sk;)H] and
replace H with H + A from (4). Taking the expectation over
s, n and A under an independence assumption, we obtain Efd
in (35) for the DL and Eku in (36) for the UL.

The optimal MMSE receivers can be obtained by solving
de = arg H%n Tr(Ekd) and Uku = arg n%}n Tr(Ef, ),

(ViaVia) < Pp Vg. (34)

resultmg in (37) and (38) respectlvely Applying these MMSE
receivers, the MSE matrices in (35) anc}l (36) Cfm respectively
(I + 1‘/']5{; H}’;ngq)k‘gl Hk’gyvkg)ﬂ

=5 A s — - _

=5
be expressed as E;. =
g

1 Similar to the



~ ¢ Kj
Xg :Xg+77UB(1+K:B +6U) Zj:l 27:1 Tr

~ G Kd
g _ J
sz;—Xk:_g—’—nUU(l—’—K/U—i_ﬁU)Zj:l ZlerI‘r

H ¢ K;
(Uz?UszZ?) +nBB(1+K/B +BB) Zj:l Zi:l Tr
G K
(UigUgWi?) +npy(L+ay+6p) D > 7 T

(UigU{; Wi;> 43)

(Ui?Uf;{Wi;) (44)

perfect CSI case, using an argument parallel to the one from
[21]-[23], we obtain

RSy = log, (B ™! | and R, =log, [(B3,) 7| . 39)

This rate to MSE relationship allows us to establish the
following theorem.

Theorem 3. The stochastic CSI error WSR problem in (34)
is equivalent to the WMMSE problem in (40), such that the
global optimal solution for the precoders of the two problems
are identical.

G K;i In2 Qped
n kd
Jun 22 [T‘f(WkdEkd) gloga | Wit g bd}
g=1k=1 g
G Ky
In2 Qfu
+> Tr(Wia Ep.) — agalogs ” Wiy = 19 bu}
g=1k=1 g
s.t. Tr(Via Vi) < Py Vk,g
£ g
K "
Zk:l Te(Vig Vi) < Pp Vg (40)

Proof. The proof for this theorem is analogous to the perfect
CSI argument used in the proof of Theorem 1 and the method
in [21]-[23]; therefore to avoid repetition we have omitted it.
Note that for the stochastic CSI error problem, the optimal W
are

x75 Olkg -1 xS akg S \—1
Wk‘g — 1n2 (Ekd) and Wku — 1112 (Ek“‘) (41)
O

Since (40) is not jointly convex in V, U and W the
alternating optimization approach from Algorithm 1 is used
to solve it. For Step 2 we use (37) and (38) to calculate the
optimal receivers as de = de and Uku = Uku In Step 3

the weights are calculated as W a = Wkd and Wy = Wku
using (41). The optimal precoders can be obtained similar
to the perfect CSI case by using the Lagrangian method
Therefore in Step 4 we calculate Va = Vid and Vi = Vku
as

\‘/kd_[x + ) 1de L0F W

vk; = [ng + /\k; ]*1Hgyk5Uk3W,€; (42)

where XSd and Xgu are defined in (43) and (44), and uf

and )\,fu are the Lagrange multipliers. Here X and Xku are
defined’similar to X, and Xku from (21) and (22) respecnvely
but with H replaced by H

Note that the convergence considerations in Remark 1
are also applicable to the alternating minimization approach
applied to solve the stochastic CSI error problem (40).

VI. EXTENSION TO WEIGHTED DL RATE MAXIMIZATION
SUBJECT TO A PER UL USER TARGET RATE

In addition to the total rate maximization design we also
consider sum DL rate maximization subject to each UL user
achieving a target rate of Ryr. The motivation behind this
design is due to the fact that even if FD outperforms HD, this
does not guarantee that all UL users are served evenly in every
time slot. In some instances a UL user may achieve a lower
rate in order to reduce the amount of interference present in
the system. Therefore, we consider the following problem

G K R
max D0 > kB
s.t. Rk;; > Ry YEk,g

Tr(VieViL) < Py Vk,g

Ky H
Zk:l Te(Via Vi) < Ps Vg (45)

Theorem 4. The WSR problem in (45) is equivalent to
the WMMSE problem in (46), such that the global optimal
solutions for the precoders of the two problems are identical.

¢ Ky
In2 Qpa
Tr(WaEpa) — 1 —Wga| — —2D
UI%H ;; r( kd kd) Q1083 o kd ) d‘|
by,

s.t. lTr(WkgEkf;) — log, ‘1112 Wi

—”] RUL ng

Tr(ngVgL) <Py Vk,g

d

K
Zk X (dede)<PB Vg

Proof. Firstly it can be seen that the optimal U for (46) are
the standard MMSE receivers de and Uku in (8) and (11)
respectively. Secondly, fixing U and V and checkmg the first
order optimality conditions for the weights we obtain their
optimal values as

(46)

1
1n2 k

Substituting for optimal U and W in (46) results in

. G Ky ——1
min 29:1 Zk:l fakglogQ ’Ekg
< —Ruyr Vk.yg
Tr(Via Vi) < Py Vg

—=_c Oékg =—1 —=_c

st. —log, ‘E;;

K "
Zk:l Te(Vig Vi) < Pp Vg
which considering (9) and (12) is the same as (45). O

(48)

Since (46) is not jointly convex in U, V and W but
is separately convex in each variable, it can be solved via
alternating minimization. Having already obtained closed form
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expressions for optimal U and W, we focus on obtaining V.
For fixed U and W, we can express (46) as

G K
Dyt Dy T(Wig )
Tr(WkgEk;) S \I/k; V k7g
Tr(Vk.gig) <Py Vk,g

S.t.

K
2.0
where ¥y = —Ryr, + log,|In2 W] +b w/1In2.

Next using Tr(AAH) = |vec(A )H2 and vec(ABC) =
(CT ® A)vec(B) we can rewritt Tr(WjaEp) and
Tr(WiaEgy) as [[¢ya|? in (50) and ||¢k;\|2 in (51) respec-
tively. This reformulation allows us to introduce slack variable
t, such that ||, ? < tga, and cast (49) as the following

problem
HllIl Zg 1Zk L ke

s.t. ||¢kg|| Stya Vg
by |I* < Wiy ¥k, g
Tr(Vk;V,Ij;) <Py Vk,g

Tr(Vig Vi) < Pp Vg (49)

Kd
Z  Tr
k=1
which after additional minor reformulations can be trans-
formed into a second-order cone programming (SOCP) prob-
lem and then solved using standard convex optimization
solvers.

Therefore to solve (46) we apply the alternating optimiza-
tion process from Algorithml. The optimal weights in Step
2 are calculated as de = de and Uku = Uku using (8)
and (11). In Step 3, the 0pt1ma1 weights Wkd = Wkd and
Wku = W}Cu
precoders de

(Via Vi) < Pp Vg (52)

are found using (47). In Step 4 the optlmal
and V. are found by solving (52).

Proposition 1. The alternating optimization process applied
to solve (46) produces a convergent monotonically decreasing
objective value sequence.

Proof. See Appendix B. [

As a final remark, we would like to point out that it
also possible to consider this problem under imperfect CSI,
using the two models described in Section II-B. This will be
considered as part of our future work.

VII. SIMULATION RESULTS

Our simulations follow the 3GPP LTE [16] specifications
for multi-cell pico scenarios outlined in Table I. Channel
gains between BSs and users, and between the users and
the BSs themselves, are modeled as H, , = \/EI:IM, where
r represents the receiver, ¢ represents the transmitter, I;I,,.,t
has elements distributed as CA/(0,1) and o = 10~ F%/10
with PL being the pathloss calculated according to Table
I, depending on 7 and ?. The SI channel, H 4, is modeled
as CN'(VEu/(1+ Ku)Hy g, (1/(1+ Kpg)) I, @1ag,) [1]
where Ky is the Rician factor and Hy , is a deterministic
matrix’.

Throughout the simulations we fix Qpt = Qpy = 1VEk,g
ande—K“ = K Vg. Wealsoset/{B = Ky = K,
b = BU B and B. Parameters « and [ jointly
reflect the amount of transmitter and receiver distortion and,
more importantly, x on its own reflects the amount of residual
SI at the FD BS as can be seen from (3). The larger the
value, the larger both distortion and residual SI. Additionally
for all algorithms we consider random precoder initialization
and average the rate results in a Monte Carlo fashion over a
number of randomly generated scenario realizations.

A. Perfect CSI results

Fig. 2 provides a comparison of the sum rates achieved
by the FD beamformer design from Section III versus HD
operation. For HD we consider the case where the BSs serve

SWithout loss of generality, we set Ky = 1 and Hg ¢ to be a matrix of
all ones similar to [9], [20].

TABLE I: Parameter settings for simulations [16]

Parameter Setting

Cell radius 40m
Bandwidth 10MHz
Thermal noise density 174dBm/Hz

Noise figure
Max. transmit power
Min. distance

BS: 13dB, user: 9dB

Pp = 24dBm, Py = 23dBm

Dps,BS—min = 40m
BS,user—min = 10m

LOSif D < 2/3:98.4 F 20log, (D)

LOS if D > 2/3:101.9 + 40log,, (D)

NLOS: 101.9 + 40log,, (D)

LOS: 103.8 F 20.9log, , (D)

NLOS: 145.4 + 37.5log, (D)

T D < 50m: 98.45 + 20log,, (D)

if D > 50m: 175.78 + 40log, (D)

between BS & users, LOS: 3, NLOS: 4

BS to BS pathloss
(in dB, D in km)

BS to user pathloss

(in dB, D in km)

User to user pathloss

(in dB, D in km)

Shadowing standard deviation

(in dB) between cells: 6
LOS probability 0.5 — min(0.5, 5 exp(—0.156/D))
(D in km) + min(0.5, 5 exp(—D/0.003))
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bu =1, MB =4, Md = M, =4 and DBS,BS = 100m.

their corresponding DL and UL users separately in alternate
channel uses, with the aim in each case being to maximize
either the DL rate or the UL rate accordingly. As can be seen
from Fig. 2 for k = 8 = —50dB both HD and FD systems
obtain similar rates, however FD outperforms HD for values
of K = 8 < —50dB. The amount of gain achieved varies with
the K = [ value and this is mainly due to the fact that the
higher the transmitter distortion, x, the more residual SI there
is. This residual SI is a limiting factor for the UL rate which
contributes a smaller portion of the total rate for larger . Such
an effect can be seen more clearly in Fig. 3 which plots DL
and UL rates separately.

From both Fig. 2 and Fig. 3, it can be noticed that as the
value of k = [ decreases the gain of FD over HD starts to
increase significantly. In particular for Fig. 2 at k = 8 =
—120dB there is a gain of 1.92 for Dpg ps = 200m and a
gain of 1.85 for Dpg ps = 40m. For FD the rate drop between
achievable rates at Dpg ps = 200m and at Dpgs ps = 40m
is larger than the rate drop experienced by HD. This is due
to the fact that when the BSs operate in FD there are more
interference links than for HD, thus the negative impact of
closer proximity between the cells affects FD more than HD.

The impact of inter-cell CCI on FD can be understood more
clearly from Fig. 4, where we plot sum rate against the distance
between BSs. As Dpg pg increases, inter-cell CCI decreases,
thus the total achievable rate increases. An interesting effect
can be noticed by looking at the separate FD DL and UL
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Fig. 4: Total sum rates achieved for scenario with G = 2, K = 1, by =
by=1, Mp =4, Mg = M,, =2 and kK = 8 = —90dB.
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Fig. 5: Total sum rates achieved for scenario with G = 2, K = 1, by =
by =1, Mp =4, Mg = My =2 and Dps ps = 100m.

rate results in the range of 40m to 80m. The UL rate within
this range remains approximately the same, however the DL
rate has a significant increase. DL users experience inter-
cell CCI from both BSs and UL users in other cells, thus
a small increase in the distance between BSs contributes to
a significant decrease in inter-cell CCI, allowing DL users to
achieve higher rates. For this Dpg ps range, the BS to BS
channel is very strong; implying that it is not advantageous
in terms of the overall achievable rate to promote UL rate
gain, hence the very small change in UL rate between 40m
and 80m. A Dpg ps of around 100m or more is sufficient to
overcome this issue, leading to a considerable increase in UL
rate at 100m.

Having seen the effect of inter-cell CCI, next we investigate
the effect of intra-cell CCI. In order to do so, we have devised
two scenarios that fix the location of the BSs and the users, as
shown in Fig. 6. For both scenarios A and B, the BSs are 100m
apart and the distance between different cell DL and UL users
is approximately 100m (100.50m for Scenario A and 100.32m
for Scenario B), implying that the effect of inter-cell CCI is the
same. However, the distance between same cell DL and UL
users is only 10m for Scenario A and a much larger 56.49m
for Scenario B. Fig. 5 provides some simulation results. As
can be seen, scenario B achieves higher rates throughout; this
is expected since Scenario B represents the lower interference
case. Considering Scenario A and looking at the separate DL
and UL rates it can be noticed that for example at k = 8 =



—50dB the DL rate is around 27.5bits/s/Hz and the UL rate
is nearly zero. For k = = —50dB the SI component is very
high; this makes UL communication very difficult, thus DL
communication is given priority. However as SI decreases, the
UL rate starts to increase. This increase in UL rate in the high
SI region comes at the expense of a slight decrease in the DL
rate, due to the higher intra-cell CCI component. For scenario
B, same cell UL and DL users are much further apart, thus
the effect of intra-cell CCI is considerably reduced and this
UL/DL rate trade-off does not occur.

B. Imperfect CSI results

After establishing the gains of FD systems over HD ones,
our next goal is to show how the FD imperfect CSI designs
fare. Starting with the norm-bounded error design from Section
IV we set Exgir = Exdj = Egiv = Egj = € Vk, 9,1,
and obtain the results in Fig. 7. Note that channel strengths
generated using the 3GPP LTE model from [16] are in the
order of —30dB or lower, which is why for ¢ = —30dB
achievable rates are close to zero. This also highlights why
in the range of ¢ = —30dB to ¢ = —35dB, there is only
a small difference in the rates achieved for different x =
values. Within this region the CSI error is considerably large,
varying from being of the same order of magnitude as the
strongest channels at —30dB to a third at —35dB; with CSI
errors being so large, the error is more of a limiting factor
on rate performance than transmitter and receiver distortion.
The converse is true for lower € regions. As the norm of the
CSI error starts to decrease, the curves achieved for different
k = [ values become more distinct, indicating that distortion
effects are more of a rate limiting factor than the CSI error.
Naturally the curve for the lowest x = 3 settles at the highest
rate value which is expected since this corresponds to the least
amount of distortion and residual SI.

For the stochastic CSI error model, in Fig. 8 we plot the
achievable rate for varying values of 7 and v, where 7 =
0 corresponds to perfect CSI for any v. The robust design
from Section V is compared with a naive version obtained by

100m

Scenario B

Fig. 6: Scenarios with same inter-cell CCIL. Black circles represent the BSs,
blue squares are UL users and red triangles are DL users.
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setting npp = Npy = Nup = Nuu = 0 in order to eliminate
any robustness considerations. For fixed v, rate decreases as
T increases; this is expected since larger 7 values correspond
to larger CSI errors. Additionally it can be noticed that the
lower the v the sharper is the rate decrease for varying 7, and
the larger is the gain between the rate achieved by the robust
beamformer versus the naive one. For v = 1, there is only a
small difference between the performance of the robust and
the naive designs, and the rate decrease for varying 7 is also
small. This behaviour is a reflection of the fact that previous
studies with a similar error model show that v = 1 corresponds
to perfect CSI from a degrees of freedom (DoF) perspective
[35], [38].

Looking at both Fig. 7 and Fig. 8, it can be noticed that for
both types of error the FD results deteriorate more than the
HD ones for the same decrease in CSI quality. When using
FD BSs there are more channel links between the various
nodes than for the corresponding HD systems. Having an
increased amount of links with imperfect knowledge results in
a sharper rate decrease, thereby stressing the added importance
of channel estimation and robust beamformer design for FD
systems.

C. Results for target UL rate problem

For the problem from Section VI, which considers weighted
DL rate maximization subject to a per UL user target rate, we



have the results in Table II. This table provides a comparison
between the DL rates achieved by the constraint design and the
corresponding HD system which maximizes the total DL rate.
Values written in the form (a)**” indicate that the problem
is not always feasible for the considered target rate Ryr.
Here b% represents the percentage of scenarios for which the
problem was found to be feasible and a represents the average
rate achieved over these feasible scenarios. UL rate results are
not included, since provided that the chosen target is feasible
a total UL rate of GK Ry, is achievable.

The gains of FD DL rate over HD DL rate range from 1.89
to 1.98 in Table II. On the other hand for the joint problem
in Fig. 3, which considers the same system with Dpg pg =
100m, there is a gain of 1.83 at Kk = 8 = —100dB and 1.40 at
Kk = [ = —70dB. Such a difference is mainly due to the fact
that for FD « and (3 are not only related to distortion but also
to residual SI which makes UL communication more difficult.
Constricting both FD and HD to achieve the same target UL
rate removes the latter factor, thereby leading to higher gains
over HD for the constraint problem as opposed to the joint
one.

With respect to the feasibility of the chosen target rate, Ry,
it can be noticed that for a fixed Ry, the lower the distortion
the more likely is the problem always feasible. For example at
Dpg,ps = 100m and a target rate of Ry, = 2.5, feasibility
goes from 12% at Kk = 8 = —70dB to 100% at k = 8 =
—90dB. Such behaviour is expected because the higher the
distortion, the stronger the SI and the more difficult it is to
communicate in the UL. For the lowest distortion value of
Kk = 8 = —100dB, Ry of up to around 8 is generally always
feasible for Dpg ps = 100m, this decreases to Ry, of up
to around 5.5 for Dpg ps = 40m. Naturally for Dpg ps =
100m higher Ry, can be achieved than for Dpg ps = 40, due
to the stronger interference present in the latter scenario. This
trend can also be seen by comparing the Dpg ps = 100m and
Dpg,ps = 40m results across Table II.

TABLE II: Sum DL rates achieved in bits/s/Hz for scenario with G = 2,
K:Lbu:bd:LMBzélande:Mu:zL

Dps,ps = 40m
k=0 FD HD
(indB) | Ryr =0.5 | Ryr =15 | Ryr =25
—100 32.01 31.96 31.87 16.67
—90 31.81 31.66 31.60 16.66
—80 31.60 31.50 (31.44)*92% | 16.66
—70 | (31.38)*99% | (31.02)*8% | (30.48)*7% | 16.64
DBS,BS = 100m
k=0 FD HD
(i[l dB) RUL =0.5 RUL =1.5 RUL =25
—100 33.68 33.62 33.57 17.00
—90 33.50 33.42 33.40 16.98
—80 33.38 33.34 (33.29)*98% | 16.98
—70 33.23 (32.94)*69% | (33.28)*12% | 16.96

D. Convergence results

Finally, Fig. 9 illustrates the convergence behaviour of the
proposed algorithms. For each algorithm we plot a randomly
selected instance. In each case we set k = § = —90dB and

run for 30 iterations. For the perfect CSI problem we consider
the system setup from Fig. 3. For the norm-bounded error
problem we simulate the system from Fig. 7 with ¢ = —45dB.
For the stochastic CSI error problem we consider the system
from Fig. 8 with v = 0.85 and 7 = 0.5. For the constraint
problem from Section VI we simulate the system in Table II
at Dpgps = 100m with Ry, = 1.5. As can be seen all
algorithms converge monotonically within a few steps.
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Fig. 9: Convergence behaviour of the proposed algorithms.

VIII. IMPLEMENTATION AND COMPLEXITY ANALYSIS

In order to simplify analysis, throughout this section we fix
Mp=My=M,=M, Kg=K, =K and by =b, =D.

A. Implementation

All proposed algorithms can be implemented in a central-
ized manner, where a central processing site (CPS) collects
all the required CSI, computes the required variables and then
distributes them to the respective nodes. For this implementa-
tion a total of M2G?(K?+ 2K + 1) CSI elements need to be
made available at the CPS to implement the algorithm. The
CPS must then distribute the calculated precoders, resulting in
2G K M b matrix elements for all of ng and ng.

Additionally the closed-form solution algorithms from Sec-
tions III and V may also be applied in a distributed manner.
Similar to the implementations in [20], [22] and references
therein, this requires all nodes to have knowledge of the chan-
nels directly linked to them, i.e. local CSI, and also assumes all
receiving nodes can provide additional feedback information
to transmitting nodes. Each receiving node locally estimates
its interference-plus-noise covariance matrix, ®. This metric
is related to the MSE matrix which, when using an MMSE
receiver, is given by Ekd = (I+V H <I> de de)

for the DL and Eku = (I + Vkqu ku‘I’ku H kquu) for
the UL. Therefore ® can be used to caiculate U and W,
which can then be made available to the transmitting nodes to
calculate V. Thus for a distributed implementation each node
requires local CSI knowledge, resulting in a total of 2GK M?
elements across all users. Additionally 2GK (Mb + b?) el-
ements per iteration need to be fedback to the transmitting
nodes to account for all of U and W.



B. Complexity analysis

Starting with the closed-form solutions, we evaluate the
order of the number of flops required to calculate the opti-
mization variables using [39] which provides the number of
flops required to perform standard mathematical operations.
Taking (8) as an example, computing all receivers, U, requires
O(4G*K?(6M3 + 2Mb?)) flops for multiplications inside
the inverse if @ is unavailable or O(2GK (4M? + 2Mb?))
flops if ® is available, O(2GK M?3) flops for the inverse
and O(8GK M?b) flops for multiplying the inverse with the
rest of the outside terms. To compute the weights, W, we
need to calculate the MSE matrix. The interference-plus-
noise covariance matrix, ®, is already available since it
was previously used in the calculation of U, therefore we
only need O(2GKM?3) flops to calculate its inverse and
O(2GK(4M? + 2M?b + 2Mb?)) flops for multiplication.
Taking (20) as an example, the calculation of each precoder,
V, requires O(4G*K?(6M3 + 2M?b + 2Mb?)) flops for
multiplications inside the inverse to compute X, O(2GK M?3)
flops for the inverse and O (2G K (4M?b + 2Mb?)) flops for
multiplying the inverse with the rest of the outside terms.

For the norm-bounded error model we solve a number
of SDP problems, the complexity of which is given by
O(n2YF'm?) [40]. Here, n represents the total size of the
variables being solved for and [ is the total number of
constraints, with each constraint ¢ being of dimension m;. In
our case the complexity can be expressed as O ((z1+22)?(21+
23)), where x5 = 2G*(K? + 2K + 1) and 2, = G*K*(1 +
M2+ +2Mb?) 2 +2G2 K (1+ M2+ KV*+2K Mb?)2+ G (1+
M?+ K2 +2M K?b?)?+G?*(K?+2K +1)%. When solving
for V, z; = 2GKMb and z; = (GK + K)(Mb)%. When
solving for U, 1 = 2GK Mb and z; = 0. When solving for
B we have a MAX-DET problem. This is of higher complexity
than SDP, however using the SDP complexity as a lower bound
we have z; = 2GKb? and z; = 0.

In Section VI we solve an SOCP problem to obtain V. The
complexity of solving a general SOCP problem is given by
O(n? ZZI m;) [40], where the significance of the terms is the
same as for the SDP complexity expression. Applying this to
our problem we have O((2GK Mb+GK)*(GK Mb+ K Mb+
8G2K2Mb® + AG2 K2 M?b* 4 2)).

IX. CONCLUSION

In this work we have addressed filter design for WSR
maximization in multi-user multi-cell MIMO networks with
FD BSs and HD users, taking into consideration CCI and
transmitter and receiver distortion. Since WSR problems are
non-convex, we have transformed them into WMMSE prob-
lems and proposed alternating optimization algorithms that
are guaranteed to converge. Using the perfect CSI design as
a starting point, we also consider robust beamformer design
under two types of CSI error, namely norm-bounded error and
stochastic CSI error. Simulation results for small cell scenarios
show that replacing standard HD BSs with FD ones within this
context can indeed increase achievable sum rate for low to
intermediate distortion levels, and also confirm the robustness
of the imperfect CSI designs. Additionally we also propose

a DL rate maximization problem subject to each UL user
achieving a desired target rate, which can be used in cases
where it is important for each UL user to be equally served
in every time slot.

APPENDIX A
USEFUL LEMMA

Lemma 1. [41] Let A, B and C be given matrices, with
A = AT, Then, the relation

A -BPDC+CYDPB vD:|D| <¢

is valid if, and only if, there exists A > 0 such that

A - )\CHEC —¢BY
—¢B o |20
APPENDIX B

PROOF OF PROPOSTION 1
Defining the following parameters

bu
Ck}; (U,W,V) = TI‘(Wk;Ekg) - 10g2|ln2 Wk;| — E

2
Ckg (U7 W, V) = TI‘(WkgEkg)

we can express (40) as

min

G K
UwW,v Z9:1 Zk:1 Ckg (U, W.V)
st.  Cye(U,W,V) < —Ryp Vg
Tr(ngV,?gu) <Py VYkg

Kd
§ kngr(deVkHd) <PgVg. (53)
— g g

Assume that for (53) we have feasible solution
{U(i),W(i),V(i)} at the end of the (i)th iterate and
feasible solution {U(i+1),W(i+1),V(i+1)} at the end of
the (7 + 1)th iterate. At the beginning of the (i + 1)th iterate,
to perform Step 2 of Algorithm 1, we fix the weights and
precoders to W (i) and V(i) in order to obtain the updated
receivers U(i + 1). Since the updated receivers are MMSE
ones, they are unique optimizers, therefore

Cra (U(i + 1), W(i), V(1)) < Cra (U(i), W(i), V(i) Vk.g
(54

Cig (Ui + 1), W(i), V(i) < Ciy (U(0), W(0), V(i)

(a)
< —-Ryp VYkg

where (a) follows since {U (i), W (i), V (i)} is feasible.
Next in Step 3, we fix the receivers and precoders to U (i+1)

and V(i) in order to obtain the new weights W (¢ + 1). The

weights are updated using (47), which are unique optimizers,

therefore

Cra (Ui +1), W(i +1), V(i) < Cra (Ui +1), W(i), V(i)

< 04y (U6), W), V(i) kg

(56)

(55)



where (b) follows from (54) and (c) follows from (55).

At this stage we have intermediate solution {U(i +
1), W(i+ 1), V(4)} which is a feasible point, and the value
of the cost function is given by

Z; Zfi Crg (Ui +1), W(i + 1), V(i)

< ijl Zﬁl Cra (U(0), W(0), V(i)

where (d) follows from (56). Next, in Step 4, we fix the
receivers and weights to U(i + 1) and W (i + 1) and solve
(53) to obtain the new precoders V(i + 1). Since with
{U(i +1),W(i + 1),V(i)} the problem is known to be
feasible, it follows that

chzl Zfi Cig (UG +1), W(i+1), V(i +1))

<3 S Cg(UG+ 1), Wi+ 1), V().

As can be seen from the above process, the alternating opti-
mization method applied to solve (46) produces a convergent
monotonically decreasing objective value sequence, proving
Proposition 1.
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