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Abstract—Energy efficiency (EE) is fast becoming a key per-
formance indicator for designing future wireless communication
systems. Equally, precoding/power allocation has proved to be
very effective for improving the spectral efficiency (SE) of multi-
user (MU) multi-input multi-output (MIMO) communication
systems. In a multi-cell environment, other-cell interference (OCI)
degrades both the SE and EE performances of the system.
We design here an energy efficient OCI-aware precoding/power
allocation algorithm for the downlink of MU-MIMO systems
by relying on regularized channel inversion and considering a
realistic multi-antenna power consumption model. The perfor-
mances of our proposed scheme are assessed both in presence
and absence of OCI and results demonstrate the effectiveness
of our approach for mitigating OCI. In addition, results show
that our approach improves the EE of the system by saving
transmit power in comparison with a traditional SE-based
precoding/power allocation approach.

Index Terms—Energy efficiency, precoding, MIMO systems,
multi-cell, realistic power model.

I. INTRODUCTION

The current increase in data transmitted over wireless
networks has recently lead to a sharp increase in energy
consumption and carbon emissions of such networks, which
could jeopardize the economical and environmental sustain-
ability of mobile communications. Thus, a paradigm shift
towards energy-efficient networks is currently taking place in
the ICT community. Indeed, the energy efficiency (EE), which
is most commonly expressed in bit-per-Joule [1] or Joule-per-
bit [2], [3], is fast becoming a key performance indicator for
future wireless communication systems, alongside the well-
established spectral efficiency (SE) criterion.

Given that precoding combined with power allocation has
been found effective for improving the performance of multi-
user (MU) multi-input multi-output (MIMO) communication
systems, this technique has been thoroughly investigated in
the past but mainly from a spectral efficiency (SE) point of
view in a single cell scenario [4]-[6]. In the multi-cell context,
interference from neighboring cells, i.e. other-cell interference
(OCI), has been shown to degrade the cell-edge user and
overall SE of the system [7]. As a result, precoding/power
allocation techniques for mitigating the effects of OCI have
recently been proposed in [8], [9] and [10] but again only for
optimizing the SE. Given that EE is growing in importance for
designing future wireless communication systems, EE-based
resource/power allocation is becoming a popular research

topic. In the single-cell MU-MIMO setting, an EE optimal
precoding/allocation algorithm for the multi-antenna broadcast
channel has been proposed in [11], by adapting the work
of [4] to EE requirement. Whereas, [12] has designed an
EE-optimal resource allocation algorithm when orthogonality
is used to remove intra-cell interference. In the multi-cell
MU environment, the work of [13] has recently proposed an
energy-efficient coordinated resource allocation method for the
single antenna setting when perfect channel state information
can be shared between cells.

In this paper, we propose a novel energy-efficient OCI-
aware precoding/power allocation for the downlink of multi-
cell MU-MIMO systems by combining our SE-based precod-
ing technique of [9] with our EE-based single-cell resource
allocation algorithm of [12]. In comparison with [12], we
here take into account interference from neighboring cells and
assume that the base station (BS) as well as user equipments
(UEs) have multiple antennas. Contrarily to [13], we only
assume here statistical knowledge of the OCI and do not
require any form of coordination between the BSs. The OCI
noise covariance matrix of each user is fed back at the
transmitter where it is incorporated in the precoding process,
which is based on regularized channel inversion (RCI) [6], as
in [9]. The power allocation is then designed for optimizing
the EE of OCIl-aware MU-MIMO systems when consider-
ing a realistic multi-antenna power consumption model with
per-antenna power constraint; indeed in a realistic BS each
transmit antenna has its own radio frequency (RF) chain and
maximum transmit power [14]. In Section II, we first introduce
both the system and power consumption models for the down-
link of multi-cell MU-MIMO. Relying on these models, we
then design in section III, an energy-efficient precoding/power
allocation algorithm for the downlink of multi-cell MU-MIMO
systems that is effective at mitigating the effects of OCIL. In
Section IV, we simulate the performances of our proposed
scheme both in presence and absence of OCI and compare
them against our SE-based RCI algorithm of [9]. Results first
demonstrate the effectiveness of our approach for mitigating
OCI, especially when the interference is strong and the number
of UEs is large. In addition, our approach improves the EE of
the system by making a better use of the transmit power, but
at the cost of a lower SE, in comparison with the SE-based
approach. Conclusions are finally drawn in Section V.



Fig. 1: Downlink of OCI-aware MU-MIMO system.

II. MULTI-CELL MU-MIMO SYSTEM DESCRIPTION
A. System model

In this paper, we study the EE in the downlink of a
multi-cell MU-MIMO system, where a base station with n
transmit antennas broadcasts a signal x = Zszl Tgsy to
K user equipments (UEs) with 7, antennas, as it is de-
picted in Fig. 1. Note that Tj, € C"*™ is the k-th user
precoding matrix and s; € C™*!, which we define as
s = [01%@x 51 01 (n—ars)]f where 5, € C'**1 is the k-th
message of length I, 01%®* is an all zero vector of length

ap and o = 21;;11 l;. Consequently, E {§k§L}

= 1I;, and
E{x'x} = P, where P is the total transmit power, I, is a
Ik, X lj, identity matrix and E{.} stands for the expectation. In
addition, we define [ as [ = Zszl l;, and assume that [, < rp,
and [ < n. By considering that ny;, effective interferers from
neighbouring cells interfere with the transmit signal from the

BS, the signal received at the k-th user can be expressed as

vi = Hpx +ny + np g

) (D
rp, = Hpx+ Wk(nk —+ Il[yk)

respectively, where H, = W H;, H, € C"**" mod-
els the MIMO channel between the BS and the k-th user,
W, € C™+*" is the k-th user OCI suppression filter, and
n; € C™*! is a vector of independent zero-mean complex
Gaussian noise entries with a variance of a,%. In addition,
np; = HI,kXI,k with I‘I[)]C € Crex™k and XLk € Cmrxl
being the k-th user MIMO OCI channel and OCI signal
with nyj co-channel interferers from the neighboring cells,
respectively. The OCI plus noise covariance matrix of user k
is such that [8]

Ry = oL, + HyQueH] ©)

where Qp, = E {xl_,kxik} is the k-th user covariance matrix
of interfering signals. We assume that each user & can perfectly
estimate its own OCI plus noise covariance matrix by using
various techniques like those proposed in [15], [16], and
then informs its serving BS by using the uplink feedback
channel. Hence, Ry is known at the BS and optimization
is performed at the reference BS only, without need for any
form of coordination between the interfering BSs.

According to equations (1) and (2), the k-th user downlink
mutual information of the OCI-aware MU-MIMO system in

Fig. 1 can be given by

I(ry,sx) = Blog, |1, + H, T, TLH| (WkRLkWL

-1 , 3)
+H(R — T, T)H] ) ‘

where B is the channel bandwidth and Rx = Zfil TjTlL-
is the transmit covariance matrix. Note that U, =

T,JQH,J‘C (HkaH,JfC + WkRnl_,kW;L)_ when a linear Mini-
mum Mean Squared Error receiver is utilized by each user
[17].

B. Power model and EE-SE trade-off formulation

As far as the power consumptions of BS and UEs are
concerning, it has been indicated in [14] and [18], respec-
tively, that they can be modelled in a similar manner as
P, = AP + PY". Given that each antenna has its own RF
chain [14], this model has been refined for the MIMO setting
in [19] as

P, = t(AP + PYPA) 4 pOi (4)

where A is the RF dependent slope of the power model, P¢*P4
is the per-antenna circuit power, ¢ is the number of transmit
antennas and P is the circuit power that is not dependent on
t. In addition, the per-antenna transmit power, P, is such that
P € [0, P™x] with P™2* being the per-antenna maximum
transmit power. Consequently, the total consumed power in
the downlink or uplink of a MU-MIMO system can be linearly
abstracted as

Py =F. + AP, (5)
when assuming the power model in (4) for the BS and UE(s),
and where P, = LRSS+ P (45, e PG + K PG
in the downlink direction. Moreover, ¢ characterizes the ratio
between transmission and reception overhead powers with
0 < ¢ < 1. Intuitively, less overhead power is necessary for
receiving than for transmitting signals.

Given that the energy efficiency (EE) can simply be defined
as a ratio between the total consumed power and the sum-
rate [1], the downlink EE-SE trade-off of the OCI-aware MU-
MIMO system in Fig. 1 can be expressed as

» By = S L(rk,si) _ B

Ps P, + Atr{Rx}
W, R W] + H,RH]

W R W] + H,(Ry — T, T)H] |’

Ee

(6)

K
X Z log,

k=1
according to equations (3) and (5).

III. ENERGY-EFFICIENT OCI-AWARE MU-MIMO
PRECODING

In this section, we propose to revisit the RCI algorithm
of [6] in the downlink of OCI-aware multi-cell MU-MIMO
systems by taking into account the OCI in the precoding
process, as in our work of [9], and allocating power for
optimizing the EE. As we mentioned earlier, the precoder only
requires the OCI plus noise covariance matrix for each user for



mitigating it. This approach is more practical than centralized
coordination since each user can estimate its own covariance
matrix without the need for multi-cell synchronization or
training sequence. Given that Ry in (2) is by definition a
Hermitian positive definite matrix, Vk € £ = {1,..., K},
it can be decomposed as Ry = DLD;C by using Cholesky
decomposition. By defining W, = akDgl, the EE expression
in can be expressed as ., =

B Z 10g2 0.131"% + HkaHL

P+ Atr{Ry} &~ 021, + Hy(Rx — T, T))H] )
By using Wy, = crkD,:1 as the OCI mitigation filter, the OCI
has been integrated with Hj to form an equivalent channel
matrix Hy,. lhus, each user feedbacks Hy, in presence of OCI
in place of H;, when there is no OCI.

Next we modify the RCI precoding in [6] for cancelling
intra-cell interference in an energy-efficient manner by defin-
ing the k-th user precoder at the BS, T}, as

Ty = M,V Py, (®)

where Py, = diag([\/Pk.1;---;/Pk,l))> for any k € K, and
V) € Ch* is the right singular matrix of H,M;. In
addition, the columns of M, are constrained to lie within the
subspace of the vectors {t%l, t%g, . ,tg)lk} such that

—1
& l
th, = | > HH;+ (hi,) hl, + L (b)), 9
J7h
for any ¢ € {1,...,lx}, where hy; represents the i-th
column of H;{ and v is the average transmit SNR. By
Denoting my, ; as the i-th column of My, vectors of the form
[my 1, mgo,...,mg;, ] are found as an arbitrary orthonormal
basis of the vector space of vectors [t |, t) ,,...,t}; | such
that Gram-Schmidt orthogonalization can be utilized for ob-
taining the columns of M, based on equation (9). Inserting
T} in (8) into (7), the latter can be reformulated as
K l
B k1 2oit11ogy(1 + priigr,i)

Ee(p): —,
P"‘AZ/@ 121 1 Pk
where p =

here P11, P11 P2,1, - PRI] and gri =
"G forany k€ K. i € {1, i}, with

(10)

—1
Gy — (Ilk — T H] [HiRH; ' +021,] Hka)
(11
Given that each transmit antenna at the BS has its own
power constraint [14], and each user uses [j, transmit antenna
to transmit its data, energy-efficient power allocation is then
obtained by solving the following optimization problem

max Ee(p),s.t. p = 0,pr; < P Yu e {1,...,1}, (12)
P
where u = Zf;ll l; + 4. This problem being similar to

the convex problem in [12], the per-antenna optimal transmit

Algorithm 1 Optimal EE-based power allocation

. Inputs: K, A, P., B, 02,1, My, Vy, for any k € K;
cSete=10"% Ef =0, n=1;

Setgr:i =1, Vke K,ie{l,...,lx};

: while | —E;| > ¢ do

Compute py. ; by using (13), Vk € K,i € {1,...,1x};
Compute Ty, by usmg 8), Vk € K;

Set Rx = Z TJT

Compute Gy, by using (11), Vk € K, and obtain g ;;
9: Set n = E};

10: Compute E} = E.(
11: end while

12: Qutputs: py. ; and L.

AN AN S

p*) by using (10);

TABLE I: Power parameter values

Parameters A PCiPA (w)[ PCT (W) P (W)
BS 4.7 [14] 100 180 20 [14]
UE — 0.03 0.07 —

power can accordingly be expressed as

B P:z]ax

* —1

| — 13
pk,z 1D(2)AE* gk K 0 ( )
such that 0 < p;, < P, Vk € K,i € {1,...,l;}, and

where Ef = E.(p*) is the optimal unconstrained EE. By
inserting p; , in (13) into (10) and (11), the power allocation
problem in 7(12) reverts to a single variable problem, which
can be straightforwardly solved by using our algorithm in
Algorithm 1.

IV. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we compare the performances of our pro-
posed algorithm for improving the EE in OCIl-aware MU-
MIMO systems against our SE-based approach of [9] in terms
of transmit power, SE and EE when OCI occurs. In Fig. 2,
we also plot EE-based precoding/power allocation results in
absence of OCI for benchmarking purpose.

In the following, we assume as in [8] that Qi =
(Prk/n1k) Ly, .. where Py, is the power of the k£ —th interfer-
ence signal. Even though this is not a typical assumption, it has
proved useful in [8] for evaluating the degradation due to OCI
in the worst case scenario. In addition, we set vy, = P 1/ 0,%
as the interference to noise ratio (INR), where ag B = o? for
any k € KC. As far as the MU-MIMO channel isyconcerned,
we assume a single-tap i.i.d. Rayleigh fading channel between
the BS and any UEs. Moreover, we set B = 1, ¢ = 1/2, and
the power parameters A, P¢PA4 PCT a5 well as P8 based
on Table I. We also considered 5 x 103 realizations of each
channel matrix for evaluating the performances of the different
schemes via a Monte-Carlo process.

In Fig. 2, we first compare the performance of our energy-
efficient OCI-aware scheme (proposed scheme) in absence
and presence of OCI for n = [ = 8, P"™ = 20 W,
Vu € {1,...,1}, and different noise to interference levels as
well as numbers of co-channel interferers. In the lower and
upper parts of Fig. 2, K = 2, rp, = I, = 4 and K = 4,
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Fig. 2: Comparison of our energy-efficient OCI-aware scheme
in absence and presence of OCI for n = [ = 8, P"™ = 20

W, Yu € {1,...,1}, and various ny and 71, values.

ry = lp = 2, for any k € K, respectively. Comparing the
results for different numbers of co-channel interferers in the
upper part of Fig. 2 indicates that when n;j increases then
the EE decreases, which is in-line with the SE-based results
of [9]. The graph also shows that our proposed scheme is more
effective at mitigating the effects of OCI when ny ;, is low, i.e.
the difference between the plain (OCI-aware) and dotted (no
OCI reduction) lines are larger; indeed, when ny ;, is low, there
is more degree of freedom for mitigating the OCI. Whereas,
the lower part of Fig. 2 indicates that the stronger the INR
is, the worst the EE performance is, but the more energy can
be saved by using our scheme; the gap between the plain and
dotted lines increases with 7. When comparing the upper
with the lower part of Fig. 2 for n;, = 1 and ~;; = 20 dB,
it also reveals that the effectiveness our scheme for mitigating
OCI also increases with the number of users.

In Fig. 3, we compare the performance of our proposed
scheme against the SE-based approach of [9] in presence of
OCI as a function of the per-antenna maximum transmit power,
Pmax forp =1 =8 K =4,0% =0dB, 1y = I, = 2,
nir = 1 and v, = 10 dB, for any k£ € K. The results
show that our proposed approach can drastically reduce (up
to 60%) the per-antenna consumed power in comparison with
the SE-based approach, especially if P;"?* is large; however,
our approach power savings will come at the cost of a reduce
SE (down to 20%). Overall, our proposed EE-based scheme
can help to improve the EE by up to 15% in comparison with
the SE-based scheme, in this particular scenario. Moreover,
when comparing the OCI-aware with the no OCI reduction E,
results, it indicates that OCI filtering is also very beneficial for
saving energy, a saving of 20% on average.
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Fig. 3: Comparison of our energy-efficient OCI-aware scheme
against the SE-based approach of [9] in terms of per-antenna
transmit power, sum-rate and EE for n = [ = 8, K = 4,
02 =0dB,rp =1l =2,n1x =1and 14 = 10 dB, Vk € K.
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Fig. 4: Comparison of our energy-efficient OCI-aware scheme
against the SE-based approach of [9] in terms of per-antenna
transmit power, sum-rate and EE for n = [ = 8, K = 4,
Prex =20 W, Vu € {1,..., 0}, rx, =l = 2, ni = 1 and
mk =20 dB, Vk € K.

In Fig. 4, we compare the performance of our proposed
scheme against the SE-based approach of [9] in presence
of OCI as a function of the noise power, o2, for the same
parameters as Fig. 3, except that 7, = 20 dB, Vk € K and



Prax =20 W, Yu € {1,...,1}. The results again show the
effectiveness of our approach for saving transmit power and
improving the EE in comparison with the SE-based approach.
It also further highlights the effectiveness of our approach for
mitigating the effects of OCI and saving extra energy.

V. CONCLUSION

In this paper, we have designed a novel energy-efficient
OClI-aware precoding/power allocation algorithm for the
downlink of multi-cell MU-MIMO systems by relying on RCI
and considering a realistic multi-antenna power consumption
model. In our algorithm, the precoder is designed to mitigate
at the same time the OCI and intra-cell interference while
the power allocation is performed on a per-antenna basis
for optimizing the EE of multi-cell MU-MIMO systems. We
have simulated the performances of our proposed scheme
both in presence and absence of OCI and have compared
them against a classic SE-based RCI algorithm. Results have
demonstrated the effectiveness of our approach for mitigating
OCI, especially when the interference is strong and the number
of UEs is large. Moreover, they have shown that our approach
improves the EE of the system by saving transmit power but
at the cost of a lower SE in comparison with the SE-based
approach. In the future, we plan to design a similar method
but for the uplink of OCI-aware MU-MIMO systems.
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