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Abstract—We consider a multi-user Multiple-Input Single-
Output (MISO) communication system comprising of a multi-
antenna base station communicating in the downlink simulta-
neously with multiple single-antenna mobile users. This com-
munication is assumed to be assisted by a Large Intelligent
Surface (LIS) that consists of many nearly passive antenna
elements, whose parameters can be tuned according to desired
objectives. The latest design advances on these surfaces suggest
cheap elements effectively acting as low resolution (even 1-bit
resolution) phase shifters, whose joint configuration affects the
electromagnetic behavior of the wireless propagation channel. In
this paper, we investigate the suitability of LIS for green commu-
nications in terms of Energy Efficiency (EE), which is expressed
as the number of bits per Joule. In particular, for the considered
multi-user MISO system, we design the transmit powers per user
and the values for the surface elements that jointly maximize the
system’s EE performance. Our representative simulation results
show that LIS-assisted communication, even with nearly passive
1-bit resolution antenna elements, provides significant EE gains
compared to conventional relay-assisted communication.

Index Terms—Energy efficiency, intelligent surface, metasur-
face, optimization, low resolution phase shifter, reflectarray, relay.

I. INTRODUCTION

The highly demanding data rate requirements of fifth Gen-
eration (5G) and beyond wireless networks, which are antici-
pated to connect over 50 billions of wireless capability devices
by 2020 [1] via dense deployments of multi-antenna base
stations and access points [2], [3], have raised serious concerns
on their energy consumption. To address the increasingly
critical need for green and sustainable emerging and future
networks [4]-[6], several energy efficient wireless solutions
have been lately proposed [7], [8], ranging from renewable
energy sources and energy efficient hardware to green resource
allocation and transceiver signal processing algorithms.

Among the recent hardware technologies with significant
potential in reducing the energy consumption of wireless
networks, while being theoretically capable of offering un-
precedented massive Multiple-Input Multiple-Output (MIMO)
gains [9]-[12] belong the Large Intelligent Surfaces (LIS).
These surfaces are man made structures that are electronically
controlled with integrated electronics and wireless communi-
cation. A LIS usually comprises of a vast amount of nearly

passive and small reflecting elements with reconfigurable pa-
rameters. Current implementations of LIS include conventional
reflectarrays [13], [14], liquid crystal metasurfaces [15], or
even software defined metamaterials intended for nanonet-
works [16]. The elements of LIS are usually very low cost
and energy consumption units whose tuning may affect the
electromagnetic behavior of the wireless propagation channel.
Each of these units can effectively reflect a phase shifted
version of the impinging electromagnetic field, hence, the
combined configurations of all LIS elements may achieve
certain communication objectives. Although LIS operation
resembles that of a multi-antenna relay [17], it is fundamen-
tally different from relaying. LIS performs as a scatterer with
reconfigurable characteristics and does not require any dedi-
cated energy source for either decoding, channel estimation,
or transmission. In addition, intelligent surfaces can be easily
placed into buildings facades, room and factory ceilings, and
laptop cases up to being integrated into human clothing.

The design of LIS parameters for various communication
objectives has been the focus of some very recent research
works [12]-[14], [16], [18]-[21]. The vast majority of the
theoretical investigations have considered infinite resolution
values for the LIS reflecting elements. In [19], [20], the role
of LIS for improving indoor coverage was analyzed. A detailed
analysis on the information transfer from multiple users to a
LIS was carried out in [12]. Very recently, [14] experimented
on the incorporation of a smart reflectarray in a IEEE 802.11ad
network operating in the unlicensed 60GHz frequency band. In
[18], considering a LIS with infinite phase resolution elements,
it was shown that higher spectral efficiencies can be achieved
when LIS-assisted communication is a feasible option.

In this paper, we focus on a multi-user Multiple-Input
Single-Output (MISO) communication system assisted by a
LIS comprised of nearly passive reflecting elements with
only low phase resolution tuning capabilities. We study the
Energy Efficiency (EE) maximization problem and present
an algorithm for the joint design of the transmit powers
per user and the phase values for the LIS elements. Our
numerical results showcase that LIS with even 1-bit phase
resolution elements can provide significant EE performance
gains compared to conventional relay-assisted communication.
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Figure 1. The considered LIS-assisted multi-user MISO system comprising of
a M-antenna base station simultaneously serving in the downlink K single-
antenna users. LIS is assumed to be attached to a surrounding building’s
facade, and the transmit signal propagates to the users both directly from the
base station and via LIS with reconfigurable behavior.

II. SYSTEM MODEL

In this section, we present the signal model for the consid-
ered LIS-assisted downlink multi-user MISO system, as well
as our adopted model for its total power consumption.

A. Signal Model

We consider the wireless communication system illustrated
in Fig. 1. This system consists of a Base Station (BS) equipped
with M antenna elements that wishes to convey information
bearing signals simultaneously to K single-antenna mobile
users. This communication is assisted by a LIS attached to
the facade of a building existing in the vicinity of the multi-
user MISO system. The LIS is capable of reconfiguring the
electromagnetic behavior of the wireless propagation channel
according to desired objectives. It is comprised of N > K
nearly passive and cheap antenna elements [13]-[16], [19]-
[21], which effectively act as low resolution phase shifters
impacting the impinging information bearing signal.

We denote by h, , € C'*M the direct channel between BS
and the k-th mobile user, where k = 1,2,..., K. Similarly,
hy; € C1xN represents the channel between LIS and the
k-th mobile user, and we use the notation H; € CN*M
for the channel between BS and LIS. The entries inside all
these matrices are modeled as Independent and Identically
Distributed (IID) complex Gaussian random variables with
variance depending on the pathloss of the respectively wireless
links. We also assume that there’s no dependence or correlation
between the elements of any pair of different channel matrices.
It can be shown that the baseband representation of the
received signal at the k-th mobile user is given by

yr = (ho 1, ®H; +hy ;) x + ng, (D

where x € CM*1 denotes the transmitted signal from BS an-
tenna elements comprising of the individually precoded signals
for each of the K users; ® = diag[p1, ¢o,...,¢n] is a di-
agonal matrix including the effective phase shifting values ¢,

Vn =1,2,...,N for all LIS elements; and nj, ~ CN(0,0?)
models the zero mean complex Additive White Gaussian Noise
(AWGN) with variance o2. The transmitted signal x can
be expressed as x = Zszl \/ﬁkgksk with p, sk, and gy
representing the transmit power, unit power complex valued
information symbol chosen from a discrete constellation set,
and precoding vector intended for k-th mobile user. In practice,
signal x is subject to a transmit power constraint P > 0
indicating the maximum allowable transmit power. To this end,
it holds for the expectation of the transmit signal power that

E{lx]*} =tr(PGHG) < P, )

where tr(-) is the trace operand, G 2 [g1,82,...,8xK] €
CM*K and P £ diag[py,pa,--.,pK]. We finally consider
the following expression for the effective phase shifting value
(finite resolution) for each n-th element of the LIS:

. j2rm\ 12!
pertlom(ZV

m=0

where j £ \/—1 is the imaginary unit and b denotes the reso-
Iution in number of bits. Clearly, the different number of phase
shifting values per LIS element is 2°. This number determines
the LIS hardware complexity and power consumption.

It easily follows from (1) that the Signal-to-Interference-
plus-Noise Ratio (SINR) at the k-th user is expressed as

_ pi|(ho x ®H; + hy ;)gk|?
Ve = e

> pil(he x®Hy + hy 1)g;|? + 02
i=1,i4k

“4)

Hence, the achievable sum rate performance of the considered
LIS-assisted multi-user MISO system is obtained as [22]

K

R = Zlog(l +Vk)- 5)

k=1
B. Total Power Consumption Model

Let us consider the point-to-point communication link be-
tween BS and the k-th mobile user. Recall that p; represents
the transmit power allocated to the signal intended for the k-th
user. A realistic expression for the consumed power for this
k-th wireless communication link reads as [7]

Pr = upr, + P. + Pus, (6)

where 1 £ v~! with v being the efficiency of the transmit

power amplifier, while P, incorporates the power dissipated
in all other circuit blocks of the transmitter and receiver to
operate the communicating terminals. Finally, Prjg denotes
the LIS power consumption. We should remark that the two
underlying assumptions in (6) are: i) the transmit amplifier
operates in its linear region; and ii) the circuit power P, does
not depend on the communication rate 2. Both assumptions
are met in typically wireless communication systems, which
are operated so as to ensure that the amplifiers operate in
the linear region of their transfer function, and in which the
hardware-dissipated power is just a constant power offset.



The LIS power consumption depends on the type and the
resolution of its individual reflecting elements that effectively
perform phase shifting on the impinging electromagnetic sig-
nal. By assuming that each of these elements is actually a
phase shifter, typical values of its consumed power are 15, 45,
60, and 78mW for 3-, 4-, 5-, and 6-bit resolution phase shifting
[23], [24]. In the latter power values, the power consumption
of the low noise amplifier has also been included. Therefore,
the power dissipated at an intelligent surface with N identical
reflecting elements can be written as:

Pris = NP, (b), (N

where P, (b) denotes the power consumption of each phase
shifter having b-bit resolution. Putting all above together, the
total amount of power needed to operate our LIS-assisted
multi-user MISO system is given by

K
Protal = »_ pkpk + K Pe + NPy (b). ®)
k=1
III. DESIGN PROBLEM FORMULATION

We are interested in the joint design of the transmit powers
per user, included in P = diag[pi,p2,...,px], and the
values for the LIS elements, appearing in the diagonal of
® = diag[p1,¢o,...,Pn], that jointly maximize the EE
performance of the considered LIS-assisted multi-user MISO
system, while satisfying the individual Quality of Service
(QoS) requirements of the K mobile users. To make the
targeted problem more tractable, we assume that all involved
channels are perfectly known at BS that employs Zero-Forcing
(ZF) transmission, which is known to be optimal in the high-
SINR regime [25]. Note that the practical estimation (either
partial or explicit) of especially hy, Vk = 1,2,..., K and
H, is a difficult task that will require sophisticated techniques
(e.g., [26], [27]); this is left as future work.

The ZF precoding matrix to be substituted into (4) is given

by G = (Hy®H; + H)*, where ()" denotes pseudo-
inversion, H £ [h{,,hT,, ... b T e CK*M and H, =
h3,,h3,, ... ,h;K]T € CEXN_ Then, the EE performance,

7, for the our system measured in bits/Joule is defined as the
ratio of the achievable rate over the total power consumption.
It can, therefore, be computed using (5) for the case of ZF
precoding and (8) as 7 £ R/Piota1- The considered EE
maximization problem is finally expressed as follows:

Zszl log, (1 + %’5)

max —- (9a)
2P N pkpe + KP.+ NP,(b)
s.t. log, (1 i %’;) > Roine Yk =1,2,..., K, (9b)

((Ho@H, + H)"P)((H.®H, + H)")H) < P, (90
d)n c j___ _ {17 6‘].2171371"7 e 6]‘277(21)71)/2!’}7 b = 1, 27 e
Yn=12,...,N, (9d)
where Ry, denotes the individual QoS constraint of the k-

th user. Recall that in the rate expressions included in the latter
problem we have considered the impact of ZF precoding.

The optimization problem in (9) is non-convex, and espe-
cially the optimization with respect to ® is challenging due
to the integer nature of the phase shifting LIS elements. An
exhaustive search approach would have the exponential com-
plexity O(2*V N K M), which is prohibitive when considering
large surfaces. In the sequel, we develop a low complexity
EE maximization algorithm for the practically interesting LIS
case having 1-bit resolution phase shifting elements.

IV. PROPOSED DESIGN SOLUTION

Obtaining the jointly optimal LIS phase shifting matrix
® and the transmit power allocation matrix P solving the
optimization problem (9) is a cumbersome task, mainly due
to the constraint (9d) . One convenient approach is to employ
an alternating optimization approach [28] to separately and
iteratively solve for P and ®. In doing so, we first assume
a fixed P and solve for ¢ maximizing the EE objective
function in (9). Then, keeping ® fixed, we find P optimizing
EE performance. This procedure is repeated until reaching
convergence of the objective function or the solutions to
an acceptable level. In the following, we first design an
algorithm for the case where the LIS elements have 1-bit phase
resolution. We then generalize that algorithmic approach to
LIS cases having any finite resolution phase shifting value.

A. LIS with 1-bit Phase Resolution Elements

Following (3) for this lowest phase resolution case of b = 1
yields ¢, = {1,—1} ¥n = 1,2,...,N. In this practically
interesting case, the optimization problem (9) becomes

ZkK:I log, (1 + %)

max —zz (10a)
2P Zk:l uxpr + KP. + NP,(2)
s.t. log, (1 + %) > Ruini Yk =1,2,.. . K, (10b)

tr((Ho®H, + H)TP((H,®H, + H)H)) < P, (10¢)
¢n=1{1,-1}¥n=1,2,...,N. (10d)

We next present the main alternating optimization steps for
solving (10). We first assume a fixed P and solve for ®, and
then keeping ® fixed, we find P maximizing (10)’s objective.
1) Optimization with respect to ®: For a fixed transmit
power allocation matrix P, (10) becomes the feasibility test:

1 11
qu}x (11a)

s.ttr((Hy®H, + H)TP(Ho®H, + H)N)H) < P, (11b)
0, ={0,7}Vn=1,2,...,N, (11c)

where we have expressed constraint (10d) in terms of the
phases of ¢,,’s, i.e., ¢, = exp(;j6,,). The challenge in solving
(11) lies in the fact that its objective is non-differentiable and
that (11c) is a non-convex constraint. To proceed further, we
observe that (11) is feasible if and only if the solution of the
following optimization problem:

min tr((H>®H, + H)"P((H,®H, + H)")H)
st.0,={0,7}Vn=1,2,...,N

(12a)
(12b)



Algorithm 1 Dinkelbach’s Method

Algorithm 2 EE Maximization with 1-bit Resolution LIS

1: Imitialization: ¢ > 0 and \g = 0.
2: fori=1,2,... do
3: Solve the concave maximization:
P! =arg mgx Zle log, (1 + 2%)
_Aifl(zlfc{:l PPk =+ KP.+ NP,(2)).

Pri
Zlelogz 14 021

4 Set A = s P N @)
5 if |Az — )\ifl‘ < ¢ then

6: Output: P;.

7 end if

8: end for

is such that its objective can be made lower than the total
transmit power constraint P. In order to solve (12), we proceed
similar to [10]. Particularly, we relax the 6,, constraint for
taking two discrete values to the the weaker, but convex,
constraint 0 < 6,, < 2m. Then, (12) can be rewritten as

(13a)
(13b)

min tr((H®H, + H)"P((H,®H, + H)")H)
st.0<0,<2rVn=1,2,...,N.

The latter problem can be efficiently solved by numerical opti-
mization methods, such as the interior-point and quasi-Newton
methods. To this end, the function fmincon in MATLAB
can be leveraged. Note that constraint (13b) is linear, thus, the
solution will be computed from fmincon instantly. However,
due to this constraint relaxation, the solution will yield 6,
values in [0, 27]. To discretize the solution according to the
phases’ feasible set in (12b), we set ,, = 0 as the solution for
(12) when the solution for (13) is such that 0 < 6,, < 7.
Similarly, we set 6, = m when 7 < 6, < 27 from the
solution of (13). It will be shown later on in the section with
the performance evaluation results that the relaxation (13b)
leads to a near-optimal ® when N is moderately large.

2) Optimization with respect to P: For fixed LIS phase
shifting matrix ®, the optimization problem (9) becomes

Zf:l log, (1 + %‘)

max — - (14a)
P> et tkpr + KP. 4+ NP,(2)
st pp > o2(2Bmink _1)VE=1,2,... K, (14b)

tr((Ho®H, + H)TP((H,®H, + H)H)H) < P. (14¢)

It can be seen that the objective of the latter optimization prob-
lem is concave in P for fixed ®. Moreover, both constraints
(14b) and (14c) are convex with respect to P. Hence, problem
(14) can be globally solved with limited complexity using
Dinkelbach’s method [29], as presented in Algorithm 1. In this
algorithm, set B = {P = diag[p1,pa, - - -, px] : (14b)A(14c)}
and P} £ diag[p ;,p5,, . .-, Pk, ;] denotes the transmit power
allocation solution in Step 3 at each i-th (with ¢ = 1,2,...)
algorithmic iteration.

3) Proposed EE Maximization Algorithm: The proposed
EE maximization algorithm for our LIS-assisted multi-user

1. Input: P, 02, { Ruini i ;, Hy, and Ho.

2: Initialization: Py = L1, ®( = 0, and € > 0.

3: for {=1,2,... do

4: Find ®, solving problem (13) for the fixed Py_;.

5: if (11b) holds true for ®, then

6: Find P, solving problem (14) using Algorithm 1
for the fixed ®,.

7: else

8: Break and declare infeasibility.

9: end if

10: if || @, — (I‘g,lHQ <eand ||P,— Pg,1||2 < € then

11: Output: &, and Py.

12: end if

13: end for

MISO system for the case where LIS is comprised of 1-
bit phase resolution reflecting elements is summarized in
Algorithm 2. As shown, the presented solutions of (13) for
® and (14) for P are alternatively and iteratively deployed till
reaching convergence of their solutions between consecutive
runs (particularly, the squared norm of their difference) that
is smaller than a small € > 0. In this algorithm, subscript ¢
(with £ = 1,2,...) in ® and P indicates their values at the
{-th algorithmic iteration. Moreover, I and Ox denote the
K x K identity and zeros matrices, respectively.

B. LIS with Finite Phase Resolution Elements

We generalize the previously presented algorithmic solution
for the LIS case of 1-bit phase resolution to any finite resolu-
tion phase shifting value. To illustrate our generalization, let’s
consider first the 2-bit resolution case where Vn = 1,2,..., N:
¢n = {1,7,—1,—j} and equivalently 0,, = {0, 7, , 37”} In
this case, the optimization over ® for fixed P is expressed as

min tr((Ho ®H, + H)"P((H.®H, + H)")") (152
st Gn:{O,g,ﬁ,%r}Vn:1,2,...,]\7. (15b)

Similar to the solution of (12), we relax constraint (15b) to
0 < 60, < 2m. Then, we solve the relaxed problem using
numerical optimization methods, as we treated problem (13).
Finally, we discretize the solutions of the relaxed problem as:
6, = 0 when the relaxed problem was solved with 0 < 6, < 7
and %’T <0, <2m 0, = % for the interval % <6, < %’r,
0, = m for 3¢ < 6, < 2T, and 0, = 3T when otherwise.
Replacing this specific procedure within Algorithm 2 extends
the algorithm to the LIS case with 2-bit phase resolution. In
a similar way, we may use Algorithm 2 to general LIS cases
with any finite resolution reflecting elements.

™

V. PERFORMANCE EVALUATION RESULTS

We consider the LIS-assisted K-user MISO communication
system scenario illustrated in Fig. 2. The multiple single-
antenna mobile users are assumed randomly and uniformly
placed in the 100m? half right-hand side rectangular at every
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Figure 2. The simulated LIS-assisted K -user MISO communication scenario
comprising of a M-antenna base station and a N-element intelligent surface.
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Figure 3. Energy efficiency maximization vs the total BS transmit power P
for K =16, M = 12, N = 32, and Ry,jn,x = O bps/HzVk = 1,2,...,16.

channel realization. For all average performance evaluation
results, we have averaged over 500 IID channel matrix real-
izations. In Fig. 2, BS is located in the origin point (0, 0) and
the LIS central element is placed at the point (100m, 100m).
Both structures are assumed to have their antenna elements
placed uniformly on a rectangular surface (uniform planar
arrays). To compute the total power consumption in a realistic
way, we use the propagation loss characterization described
in [11], [30]. For the the hardware dissipation power model,
we have set P, = 100dBm for all K users, P = 5dBm,
and ux = 1.1 Vk=1,2,..., K. We have compared the LIS-
assisted performance with that using an amplify-and-forward
multi-antenna relay. Particularly, we have considered a relay
according to [17] having no precoding capabilities (this will
require in general explicit channel estimation), the amplifica-
tion gain factor v = 0.3, and transmit power of 60dBm. In
the performance plots that follow we use the transmit Signal
Noise Ratio (SNR) parameter, defined as SNR = P/ o2, and
we have run both Algorithms 1 and 2 with the setting e = 0.01.

Figure 3 depicts EE versus P in dBm for K = 16, M = 12,
N = 32, and the minimum QoS requirements Ryinr = 0
bps/Hz Vk = 1,2,...,16. The optimization problem (10) for
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Figure 4. Energy efficiency maximization vs the number of LIS elements
N for K = 8, M = 6, P,(2) = 5dBm, P, (4) = 15dBm, P, (+00) =
45dBm, and Rpyin,x = 0 bps/Hz Vk =1,2,...,8.

the LIS case with 1-bit phase resolution has been solved with
two different ways: via exhaustive search and by using Algo-
rithm 2. The exhaustive search approach has an exponential
complexity, which is prohibitive for large N, but has been
considered in this figure only for benchmarking purposes. We
have also plotted EE results using the latter approaches for the
LIS cases with 2-bit and infinite phase resolution, as well as
for an amplify-and-forward relay. In the latter case, we have
solved a similar problem to (10), where ® have been removed,
using Algorithm 1. In this relay-assisted case, only the transmit
power allocation P has been designed. As shown in Fig. 3, EE
for all schemes increases with increasing P till a value above
which it remains constant. This P value is around 10dBm for
the 2-bit and infinite resolution cases, and around 20dBm for
the 1-bit resolution case. The latter two low resolution cases
result in the highest EE, which is up to 45% higher than that
of relay-assisted system for P > 15dBm. Evidently, up to
30% EE improvement compared to the relay case can be also
achieved with infinite resolution LIS elements.

The EE performance as a function N is plotted in Fig. 4
for K = 8 and M = 6, and for b = 1 and b = 2 bits
phase resolution for the LIS elements, as well as infinite
resolution ones. The power consumption of each element is
P,(2) = 5dBm, P,(4) = 15dBm, and P, (+00) = 45dBm,
respectively. It can be seen that for the two small b values, both
schemes exhibit the same trend: EE increases as N increases
up to a certain number. Indeed, increasing N results in LIS
attaining their corresponding EE maximization. However, from
a value of N and on EE degrades. This happens because
for large N the LIS power consumption impacts EE in a
negative way. Interestingly, the lower the resolution of the
LIS elements, the slower is the EE degradation. Figure 4 also
indicates that there exists an optimal N that maximizes EE
for the considered LIS-assisted communication system.

In Fig. 5, we compare the achievable sum rate versus SNR
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Figure 5. Achievable sum rate vs the transmit SNR for K = 16, M = 12,
N =32, and Ryin,x = logy (1 + SNE) bps/Hz Vk = 1,2,..., 16.

in dB for the same parameters setting with Fig. 3 except
from the individual QoS constraints, which have been here
set as Ruyin ke = logy(l + %) bps/Hz Vk = 1,2,...,16.
We have used the power allocation designed in [18] for
the sum rate maximization with relays. As depicted, relay-
assisted communication achieves up to 20 bps/Hz more sum
rate than the LIS-assisted one with 1-bit resolution elements
designed, as designed from Algorithm 2. For the case of
infinite resolution elements, this performance gap reduces to
less than 5 bps/Hz for large SNR. It also evident that the
larger the LIS resolution is, the larger is the sum rate that can
be achieved. Note, however, that the 2-bit phase resolution
LIS case performs quite close to the infinite resolution one
requiring much lower power consumption.

VI. CONCLUSION

In this paper, we have considered multi-user MISO commu-
nication systems assisted by reconfigurable surfaces comprised
of many nearly passive antenna elements with only low phase
resolution tuning capabilities. Intending at investigating the
LIS suitability for green communications, we focused on
the EE maximization problem and presented an algorithmic
solution for the joint design of the transmit powers per mobile
user and the phase values for the LIS elements. Our selected
simulation results showcased that LIS with even 1-bit phase
resolution antenna elements can increase the system’s EE by
more than 40% compared to the conventional amplify-and-
forward relaying systems.
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