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Designing Wireless Powered Networks Assisted by
Intelligent Reflecting Surfaces with Mechanical Tilt

Zoran Hadzi-Velkov, Slavche Pejoski, Nikola Zlatanov, and Haris Gacanin

Abstract—In this paper, we propose a fairness-aware rate
maximization scheme for a wireless powered communications
network (WPCN) assisted by an intelligent reflecting surface
(IRS). The proposed scheme combines user scheduling based on
time division multiple access (TDMA) and (mechanical) angular
displacement of the IRS. Each energy harvesting user (EHU)
has dedicated time slots with optimized durations for energy
harvesting and information transmission whereas, the phase
matrix of the IRS is adjusted to focus its beam to a particular
EHU. The proposed scheme exploits the fundamental dependence
of the IRS channel path-loss on the angle between the IRS
and the node’s line-of-sight, which is often overlooked in the
literature. Additionally, the network design can be optimized
for large number of IRS unit cells, which is not the case with
the computationally intensive state-of-the-art schemes. In fact,
the EHUs can achieve significant rates at practical distances of
several tens of meters to the base station (BS) only if the number
of IRS unit cells is at least a few thousand.

Index Terms—Wireless power transfer, intelligent reflecting
surfaces.

I. INTRODUCTION

Owing to the promise of perpetual and self-sustainable
communication systems, wireless power transfer has attracted
major research interest [dI|-[3]. However, the small form
factors of the IoT devices impose small antenna apertures,
which leads to tiny amounts of harvested RF energy and
thus low achievable rates over practical communication ranges
of the wireless powered communications networks (WPCNSs).
Fortunately, the recent concept of intelligent reflecting surfaces
(IRS) can mitigate this issue by controlling and shaping the
propagation environment between RF transmitters and energy
harvesting (EH) users (EHUs). The IRS, an almost passive
large metasurface with many sub-wavelength-sized elements
acting as diffuse scatters, can relay and shape the signal from
the RF transmitter (Tx) into a high-energy beam focused
on the receiver (Rx). It therefore offers potential for great
improvements in the spectrum and energy efficiency of future
wireless networks [4]]-[3], especially those employing short
range line-of-sight (LoS) links such as the WPCNS.

The existing literature on IRS-enabled WPCNSs typically op-
timize the phase shifts of the IRS unit-cells (antenna elements),
jointly with the precoding matrix at the base station (BS), the
power allocation, and/or the time allocation [G]-[12]]. In [,
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the authors study an IRS-assisted downlink MIMO network
with simultaneous wireless and information power transfer
(SWIPT), where the system weighted sum-rate is iteratively
maximized by alternating between first-order optimal points
of the optimization sub-problems. The papers [[Z]] and [B]
optimize the BS beamformer and the IRS phase shifts to
maximize the weighted sum power and the minimum power
at the EHUs, respectively, by alternating between suboptimal
algorithms obtained by semi-definite relaxation (SDR). Simi-
larly, the paper [9] uses a successive alteration among the SDR,
the Gaussian randomization, and the block coordinated descent
method to arrive at the suboptimal solution for the IRS phase
shift matrix and the time scheduling in a WPCN employing the
TDMA protocol. Instead of TDMA, the paper [[I0] employs
non orthogonal multiple access (NOMA), which introduces
multiuser interference but results in coupled optimization
variables and non-convex unit-modulus constraints. In [[L1]],
alternating optimization is proved unsuitable for optimizing
a SWIPT-based MISO system with multiple IRSs, but instead
utilize penalty-based (yet also suboptimal) algorithms. The pa-
per [12]] uses alternating optimization among power allocation,
computation offloading and IRS phase matrix design to mini-
mize energy consumption of a wireless powered mobile edge
computing system, but results in a locally optimal solution.
In addition to being suboptimal, the algorithms considered
in the above mentioned literature are characterized by high
computational complexity that grows exponentially with the
number of IRS unit-cells. In fact, these algorithms are already
computationally prohibitive for a few dozen unit-cells, while
current IRS implementations consist of 10* unit-cells [T6].

Another critical issue is the applicability of the IRS channel
models used commonly to optimize the IRS-assisted WPT
systems. The channel from each user to the IRS is usually
modelled as a conventional fading channel with random multi-
path scattering. In fact, this channel can be modelled as a
free-space deterministic channel [I3]-[I6], because an IRS is
always deployed to maintain a LoS to each user and can form
a narrow beam to that user. Additionally, [6]-[12]] neglected
that the deterministic path-loss depends on the specific angle
between the IRS and the user’s LoS but instead assume that
users on the same distance from the IRS have identical average
channel independent of the angle. This angular dependence
can be used to introduce an additional degree of freedom into
the design of the IRS-assisted system and thus improve its
performance.

To the best of authors’ knowledge, the mechanical tilt has
not yet been applied in the context of the IRS. To get a
better insight, in this paper we apply this functionality to
a simple WPT system. We optimize the rate performance
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of a TDMA-based WPCN assisted by an IRS capable of
angular displacement. For large number of unit-cells, the
system exploits the capability of the IRS to focus very narrow
beams towards a specific EHU. Instead of simultaneous WPT
to all EHUs through a common EH phase, the EHUs are
individually and successively powered by dedicated narrow
energy beams “steered” by the IRS.

II. SYSTEM MODEL

We consider a WPCN that consists of a BS, K EHUs, and
an IRS deployed on a location with a LoS to each node. All
nodes are equipped with a single antenna and operate in half-
duplex modes over the same frequency band by employing
TDMA. The EHUs transmit information intended for the BS,
whereas the BS operates as an information receiver and an
energy beacon. The BS transmits at power F. Due to physical
obstacles, the EHUs do not have direct LoSs to the BS,
and thus the IRS facilitates the WPT and the information
transmissions (IT) between the BS and the EHUs[]

For maximum system performance, the horizontal orienta-
tion of the IRS can be mechanically tilted (c.f. Fig. 1). We
assume that, relative to a reference direction (z-axis), the IRS
is displaced by the angle ¥, where —VU y < U < U p, such that
W and Up are the maximum angular displacements in neg-
ative (clockwise) and positive (counterclockwise) directions.

A. IRS and Channel Modeling

The IRS consists of /N unit-cells and has a total area S.
It can be modelled as a planar antenna array, where each
antenna element has an area of size A satisfying S = N A and
A < (\/4)? [I3)-[13]. The reflection properties of the IRS are
determined by the diagonal matrix © = diag(e?%, - - | i),
where 6,, € [0,27) is the phase shift induced by the nth
element of the IRS. These phase shifts are configurable and
programmable via an IRS controller.

Due to the existence of a LoS between the IRS and a
given node, the channel gain between that node and the
nth antenna element, ,,, is deterministic and given by [I4]
Lemma 1]. The respective channel phase, ¢,, is also fixed
and determined by the propagation delay over the distance d,,
between the node and the nth antenna element of the IRS, i.e.,
¢n = 2md,, /. Thus, the channel between the BS and the IRS

UIf the physical obstacle is absent, the inclusion of the direct link would
result in a composite end-to-end channel between the BS and the kth EHU,
which would suppress the characteristic impact of the mechanical tilt on the
system performance. The stronger the gain of the direct component relative
to the IRS-assisted channel, the smaller the impact of the mechanical tilt.

is represented by the deterministic vector h = [hy,--- , hy]T,
where h,, = v/Qo, e 7% is the channel between the BS and
the nth antenna element of the IRS. The channel between
the IRS and the kth EHU (1 < k£ < K) is represented
by the deterministic vector, g = [gr1,- - 791@N]T, where
Gien = /Ser, 7% is the channel between the kth EHU and
the nth antenna element of the IRS. Since the channels are
deterministic and thus can be estimated arbitrarily well from
pilot signals, the phases of all channels (¢¢,, and ¢y, Vk, n)
are perfectly known by the IRS controller.

Far-field approximation: In the remainder of the paper, we
assume both the BS and the EHUs operate in the far-field
region of the IRS. For unambiguous notation, all EHUs are
assumed to be located in the first quadrant, while the BS is
located in the second quadrant of the 0z coordinate system
(c.f. Fig. 1). The BS is located at polar coordinates (dy, —cv)
with respect to (w.r.t) the pole 0 and the z-axis, and so its
angle w.r.t. the IRS boresight is oy + V. The kth EHU is
located at polar coordinates (d, ), and so its angle w.r.t the
IRS boresight is aj — W. Therefore, given S < 9d3, the BS
channel gains Qg,, are approximated by (c.f. [I4 Eq. (11) and
Eq. (31)])

O~ Acos(ag+ U)
on ™ 4rd?

wh%reas channel gains of the kth EHU, Q,,, are approximated
by

= o, Vn, (1)

Acos(a — )

Without loss in generality, we may assume the EHUs are
ordered by their increasing angular coordinates, i.e., a3 <
ay < -+ < ag. Thus, ¥y = 7T/2—04K and Vp = 7T/2—a0.

B. Resource Allocation

The time during the communication session is divided
into TDMA frames with unit durations. Each TDMA frame
consists of K time slots, where each slot is dedicated to
a different EHU. We exploit the principal property of the
IRS to focus its narrow beam to one (out of K) EHUs by
using a dedicated phase shift design. For a large enough
N, the IRS sharply focuses the beam on the kth EHU so
that its radiation pattern rapidly decreases away from this
EHUH Specifically, in the kth time slot (1 < k& < K), the

2Generaﬂly, the IRS channel can be modelled such that cos-functions are
of the form cos?(-), where the exponent ¢ is used to match the normalized
power radiation pattern of an IRS unit-cell [I3]. For example, the papers [I3]
and [T4]] assume g = 1, whereas the paper assumes ¢ = 3. We model
the IRS channel according to [I4]. The actual value of ¢ depends on the IRS
(unit-cell) design, which is beyond the scope of this paper. Note, however,
that increasing ¢ increases the directivity but decreases the beamwidth of the
IRS beams towards the source (BS) and the destination (kth EHU). Thus, as
q increases, the effect of the mechanical tilt, W, over the rate performance
becomes more significant. On the other hand, if ¢ is low (e.g., ¢ < 0.5),
optimizing W has lesser impact on the system performance. Extremely, as
q — 0, the system is insensitive to the mechanical tilt. We actually use such
a hypothetical IRS with ¢ = 0 in the numerical results section to establish a
benchmark for estimating the impact of the mechanical tilt.

3For analytical tractability of the proposed rate maximization, we neglect
the RF energy harvested by those EHUs that are close to the “targeted” EHU.
The validity of this assumption grows stronger with increasing N.



IRS focuses on the kth EHU by setting its reflection matrix,
O (k) = diag(e/?(®) ... i~(k)) with the phase shifts:

en(k) = ¢On + ¢kn7

The kth time slot is subdivided into an EH phase of duration
vk, and an IT phase of duration 7. During the kth EH phase,
the kth EHU is charged via the IRS by the downlink energy
transmission from the BS. During the kth IT phase, the kth
EHU spends the harvested energy to transmit information to
the BS through an uplink transmission via the IRS. Note, in kth
time slot, the IRS maintains the same reflection matrix, ©(k),
for both the downlink and the uplink transmissions to/from
the kth EHU. Assuming channel reciprocity, such phase shift
design is consistent with [IQ, Proposition 1].

Assuming a linear EH model, the energy harvested by the
kth EHU in the kth EH phase is given by

O(k)h|?, (4

where 7, denotes the (RF-to-DC) conversion efficiency of the
kth EHU. In (@),

1<n<N. 3)

Ey = mePo vy g}

N
g ©(k)h|? = Z Q0uQpn| = N?Bi(¥), (5
where
A? cos(ap + V) cos(ay, — W
Br(¥) = Qo = (a0 £ W)coslax —F) g

(dmdody,)?

Note that () corresponds to [I3l Eq. (27)] and [16 Eq. (8)].
The achievable rate of the kth EHU is thus given by

_ Ej, T 2
Rk = Tklog (1 N()Tk @(k)h|)
P,
= 7log (1+N4B,§(\1/)77’“ 0@) %
No 7%

where Ny is the thermal noise power at the BS receiver.

IIT. COMMON RATE MAXIMIZATION

We aim at maximizing the minimal rate of all EHUs,
max{R;}H< |, by the optimal adjustment of the horizontal
displacement angle of the IRS and of the durations of the
EH and IT phases of all EHUs. This criterion guarantees fair
resource sharing and a minimal common rate to all EHUs, Ry,
thus successfully tackling the network’s near-far problem. The
optimization problem is specifically stated as

Maximize Ry
Ro,V, vy, 7k, Yk

subject to:

Cl: Ry > Ro,Vk

C2: S (et =1 ®
C3: —\I/N S U S \I/p

Cd: vy, >0,7 >0, Vk.

The problem in (8) is not convex, but can be solved by splitting
it into two subproblems, one of which is convex. Specifically,
for a given ¥, (8) is convex with respect to the optimization
variables Ry, vy, T, Vk, which can be determined analytically
in closed form according to the following theorem.

Theorem 1: Let us denote Cy, = npPoN*BZ(¥)/Ny. The
common rate of all EHUs in the considered system is deter-

mined by
K

1-1/Cy -
2 @y

k=1 e

where W (+) is the Lambert W function. The optimal duration
of the IT phase of the kth EHU is determined by

~1N\17t
=R {1+W(O’“e ﬂ ,

whereas the optimal duration of the EH phase of the k&th EHU
is determined by

(10)

* 7']: Ok —1
== |—=——1]. 11
“o o wEs ] w
Proof: Please refer to Appendix A. [ ]

Given Theorem 1, the optimal value of the IRS angular
displacement is determined by

U* = argmax R, (12)

—UN<U<¥p
where R is given by (@). In practice, (I2) can be tackled
numerically by some of the well known algorithms for single
variable optimization, such as, the bisection method, the
Newton’s method, or the secant method.

IV. NUMERICAL RESULTS

In this section, we illustrate the performance of the pro-
posed system design and resource allocation for the IRS-
assisted WPCN. We specifically study the sum rate, Rgym, =
Zszl Ry, for two system settings, denoted by “Optimal ¥”
and "W = 07, respectively. The setting "Optimal U” refers to
the WPCN resource allocation per Theorem 1 at the optimal
angular displacement of the IRS, determined by (I2). The
setting "W = 0 refers to the WPCN resource allocation per
Theorem 1 at zero angular displacement of the IRS.

Each unit-cell of the IRS has an area A = (A\/4)? with
A = 0.1m (i.e., carrier frequency of 3GHz). Unless stated
otherwise, the IRS consists of N = 10* unit-cells. The BS
transmit power is set to Py = 4W, and the thermal noise
power is set to Ny = 107'*W. The EHUs are uniformly
distributed along an arc of radius 20m in the first quadrant
of the 20z coordinate system within a range of polar angles
[7/40, 197/40]. Additionally, i = 0.9, Yk, for all the EHUs.

Benchmark IRS: We consider a benchmark IRS whose
radiation pattern of its unit-cells is insensitive to its angle with
the node at which the IRS focuses its beam. Such IRS behaves
similarly to a semi-directional antenna, such as, patch/panel or
sector antenna, with (hypothetical) beamwidth of 180 degrees.
To satisfy the conservation of power (c.f. [T3 Eq. (16)], [16
Eq. (2)]), the gain of an IRS unit-cell is halved compared to
the gain of the (practical) IRS considered in Section II. Thus,
for the benchmark IRS, the gains of the channels from its
nth unit-cell to the BS and to the kth EHU are modelled
as Qo = A/(87d3) and Qp, = A/(8wd?), respectively.
When employing the benchmark IRS, the EHUs’ common
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Fig. 2. WPCN sum rate vs. N for K = 10. When the nodes are 20m or
more away from the IRS, WPCN attains meaningful sum rate if the number
of IRS unit-cells is in the thousands.

rate is again maximized by the resource sharing proposed by
Theorem 1, which is however insensitive to .

Assuming K = 10 EHUs and ag = 7/12, Fig. @I depicts
Rgum vs. N for dy = 20m and dy = 40m. The considered
system attains meaningful rates when the IRS is comprised of
at least several thousand unit-cells. In this region, mechanical
tilt, if set properly, results in an evident rate improvement,
which is nearly independent of V. On the other hand, an IRS
with N < 103 is useful only if all EHUs are located near the
IRS. For the given settings, the system with the benchmark
IRS performs worse then the system with the practical IRS.

The sum rate generally strongly depends on both dy and .
Fig. Bl depicts Ry vs. do for ag = 7/6 and ag = 7/3. The
rate improvement obtained by the mechanical tilt of the IRS
is almost constant in the considered range of dy. Here, the
benchmark IRS performs worse than the practical IRS with
oy = /6, but better than the practical IRS with g = 7/3.

Fig. E investigates the influence of cg. The sum rate
decreases with increasing o due to the decreasing effective
area of the IRS with respect to the BS (c.f. (1)). The benefit
from the mechanical tilt is highest when ag ~ 0. In this
case, the “Optimal U~ setting decreases {2y of the BS-IRS
channel, but increases €2, of almost all EHU-IRS channels.
This trade-off overall yields sum rate improvement because
even the weakest EHU-IRS channel is improved by the
mechanical tilt. Fig. [ also shows that the sum rate of the
“Optimal ¥” setting is marginally affected by the number
of EHUs, while the impact of N is more significant when
¥ = 0. Actually, the mechanical tilt with ¥ = ¥* smooths
out the differences between the gains of different EHU-IRS
channels. In this case, 7} (i.e., v/}) of all EHUs attain similar
values. Conversely, when ¥ = 0, the EHUs with o ~ 0
will have much better channels compared to the EHUs with
ay ~ /2, and so the values of 7, (i.e., v;) will have greater
variance. In this case, the sum rate is increased by adding
more EHUs. If the benchmark IRS were employed, the sum
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Fig. 3. WPCN sum rate vs. BS-IRS distance for N = 10* and K = 10.

The rate improvement with optimal mechanical tilt is almost constant relative
to dp.
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Fig. 4. WPCN sum rate vs. ag for dgp = 20m. The WPCN rate under

optimal mechanical tilt is almost independent of the number of EHUs.

rate would be fixed regardless of ag. Up to some threshold
Qp, its sum rate would be below that of the practical IRS,
but would exceed it beyond this threshold. In this case, the
system with a BS placed normally to the IRS boresight would
perform identically to a system with a BS placed along the
IRS boresight. Such behaviour of the benchmark IRS clearly
emphasizes the importance of the proper modeling of the IRS
channel. Actually, the performance of the system employing a
practical IRS is significantly affected by the angle between the
IRS and the nodes, which is often neglected in the literature.

V. CONCLUSION

In this paper, we proposed a practical resource allocation
scheme that maximizes the minimum common rate of a WPCN
assisted by an IRS with mechanically adjustable horizontal
orientation. The common rate maximization guarantees a fair



bandwidth sharing among the EHUs. The phase matrix of the
IRS is successively adjusted from one time slot to the next to
direct its beam toward each EHU. Unlike the schemes avail-
able in the literature, the system under consideration can be
optimized for the IRS with a large number of unit-cells, which
is consistent with the state-of-the-art IRS implementations.

APPENDIX A
PROOF OF THEOREM 1

For given Wy, the problem (B) is convex, because the
objective function is affine and the constraints C'1 and C2
are jointly convex with respect to Ry, 7k, and vy, Vk. Thus,
we can apply the Lagrangian dual method to solve the original
problem for a fixed ¥y. The Lagrangian of (§) is given by

K
Vk
Ro—l—kZ)\k (Ro Tk 0g< +Ok7']g)>

=1

ﬁ:

K
— XD mtw—1 (13)
k=1

where \; and )¢ are the non-negative Lagrangian multipliers
associated with the constraints C; and C, respectively. After
differentiating £ with respect to Ry, 7 and v}, and setting the
derivatives to zero, we obtain:

K
1-— Z Ao =0, (14)
k=1
O, Yk
Vi kT
A [ 1 14+4C,— )| ———2— ] —X=0,VEk, (15
k og(+ka> oA 0o=0,Vk, (15)
Cr )k
———— — X\ =0, Vk. 16
1+ Oka/Tk 0 (16)
Next, we introduce an auxiliary variable
o = Cp =, (17)
Tk
and so (16) is transformed as
A
ap = Cplt — 1. (18)
Ao

Introducing (I8) in (13) leads to the transcendental equation,

AL 1 Ao
1 ali — )0
o8 (Ok /\0> * <Ck ) Ak 0

which can be solved in closed form by applying the properties
of the Lambert-WW function 3]}, as

e ()]

Due to the convexity of the considered problem, all the
constraints C are satisfied with strict equality, yielding

19)

(20)

Ry

" Tog(i+ ) o

Tk

Applying (I7), (I8), @Q) and 1), the left hand side of Cs is
transformed as

k=1 k=1
0 = (1 Ci’c) <1+W(Clkl))
D Ry Y )
= 14+ W (&)

where (a) results from applying (I8) and 20), and (b) results
from W -function definition, z = W (x) eV (@) Thus, setting
@2) to unity yields (@); Inserting (I8) and 20) into 1) yields
(10); Inserting (1Q), (I8) and @0 into (17 yields (II).
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