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RIS Meets Aerodynamic HAPS: A Multi-Objective Optimization Approach

Arman Azizi

Abstract—In this letter, we propose a novel network archi-
tecture for integrating terrestrial and non-terrestrial networks
(NTNs) to establish connection between terrestrial ground sta-
tions which are unconnected due to blockage. We propose a
new network framework where reconfigurable intelligent sur-
face (RIS) is mounted on an aerodynamic high altitude platform
station (HAPS), referred to as aerodynamic HAPS-RIS. This can
be one of the promising candidates among non-terrestrial RIS
(NT-RIS) platforms. We formulate a mathematical model of the
cascade channel gain and time-varying effects based on the pre-
dictable mobility of the aerodynamic HAPS-RIS. We propose a
multi-objective optimization problem for designing the RIS phase
shifts to maximize the cascade channel gain while forcing the
Doppler spread to zero, and minimizing the delay spread upper
bound. Considering an RIS reference element, we find a closed-
form solution to this optimization problem based on the Pareto
optimality of the aforementioned objective functions. Finally, we
evaluate and show the effective performance of our proposed
closed-form solution through numerical simulations.

Index Terms—RIS, NTNs, HAPS, 6G, time-varying channel.

I. INTRODUCTION

NE OF the most important targets in sixth generation

wireless networks (6G) is the provision of ubiquitous
connectivity. This aim can be attained by integration of ter-
restrial and non-terrestrial networks (NTNs), [1]. To this end,
reconfigurable intelligent surface (RIS) can be exploited to
boost the channel gain by creating a multi-path environment.
Non-terrestrial RIS (NT-RIS) is an intelligent intermediate
reflection layer, where RIS is mounted on a non-terrestrial
platform to connect the unconnected terrestrial infrastructures.
Extensive research has been conducted to address the ben-
efits of adopting NT-RIS in wireless networks, see [2], [3],
[4], [5] and the references therein. In practical cases, high
altitude platform station (HAPS)-RIS is one of the promis-
ing candidates to be exploited for NT-RIS compared to other
non-terrestrial platforms such as satellite-RIS and unmanned
aerial vehicle (UAV)-RIS, [4], [5]. HAPS operates at much
higher altitude which leads to establishing line of sight (LoS)
dominated connection and a much wider coverage area com-
pared to UAV. Furthermore, HAPS is much larger than UAV
so that RIS with a large number of elements can be mounted
on it [2], [4]. The advantages of exploiting RIS over relay
is well articulated in [2], e.g., lower-cost, simpler hardware,
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shorter transmission delay, less power consumption, and longer
communication duration. In [6], the authors prove that if the
RIS is large enough it can beat the relay in terms of energy-
efficiency. Due to the large size of HAPS, large number of
RIS elements can be mounted on HAPS, and hence, RIS is
the better option. Even if a large number of RIS elements
are deployed, the HAPS’s payload is light due to the thin
and lightweight materials from which the RIS elements are
manufactured [2]. From the perspective of HAPS mobility,
there are two types of HAPSs, aerostatic and aerodynamic, [7].
The investigation of HAPS-RIS communications is still in its
infancy. The existing literature on this topic is mostly focused
on aerostatic HAPS-RIS, [4], [5], [8], [9], while the aero-
dynamic HAPS-RIS is left as an open research topic. The
necessity of research on this direction has been emphasised
in [10]. The advantages of exploiting aerodynamic over aero-
static HAPS in wireless networks are well articulated in [7],
e.g., low-cost and swift deployment, and high resilience to tur-
bulence. These features make aerodynamic HAPS a promising
candidate technology in the move towards integration of terres-
trial and non-terrestrial networks, [7]. However, high mobility
of aerodynamic HAPS leads to time-varying channel effects.
Accordingly, the main research question that arises is “Can
aerodynamic HAPS-RIS bring connectivity to the unconnected
ground stations in presence of time-varying channel?”.

There exist a number of works in the literature that con-
sider RIS-based networks in the presence of time-varying
channel, which can be classified into two groups where
RIS is fixed, [11], [12], [13], or mobile, [14], [15], [16]. Our
proposed network architecture in this letter falls under the area
of the latter one, where the RIS is mobile. In [14] and [15],
the authors present efficient Doppler shift mitigation methods,
including transmission protocol and RIS phase shift control,
where both of RIS and user equipment are deployed in a high-
mobility terrestrial vehicle. The main difference between [14]
and [15], is the design of the transmission protocol. In [16],
the authors present a cooperative passive beamforming and
distributed channel estimation to maximize the overall chan-
nel gain between an RIS-aided low-earth orbit satellite and
a ground node. While the main focus of [14], [15], [16] is
channel estimation, to the best of our knowledge, there is no
existing work which geometrically formulates all the channel
metrics and time-varying effects based on predictive mobility
of RIS, which can play a vital role in reducing the computa-
tional complexity. Furthermore, the authors in [14], [15], [16]
only consider one side of the cascade channel to be time-
varying, while in this letter we investigate the case where both
sides of the cascade channel are time-varying.

To summarize, this letter addresses the aforementioned
gaps in the literature with the ensuing contributions: (i) We
introduce a novel network architecture for NT-RIS assisted
networks. We propose a new system model where RIS is
mounted on aerodynamic HAPS to connect the unconnected
terrestrial ground stations in emergency situations thanks to
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Fig. 1. Proposed network architecture based on aerodynamic HAPS-RIS.

significant features of aerodynamic HAPS. (ii) We mathemat-
ically model the mobility pattern of each RIS element based
on the dimensions of the RIS and the RIS elements, and the
predictive trajectory of the aerodynamic HAPS-RIS. Next, we
obtain a geometrical model for all the channel metrics and
time-varying effects. To the best of our knowledge, there is
no work which geometrically models the mobility profile of
a mobile RIS based on these parameters. (iii) We propose
a multi-objective optimization problem in which the objec-
tive functions are the channel gain, the delay spread upper
bound and the Doppler spread. We obtain a closed-from solu-
tion for the RIS phase shifts, by introducing a reference RIS
element, adopting Pareto optimality. The obtained closed-form
is based on the known locations of Tx and Rx, and the known
time-varying position of the aerodynamic HAPS-RIS, thanks
to knowing its mobility pattern. This leads to practical and sim-
ple implementation as the RIS phase shifts can be efficiently
calculated by the onboard processing unit on HAPS.

II. SYSTEM MODEL AND PROBLEM FORMULATION

In this letter, we consider a heavy blockage scenario where
the link between the terrestrial transmitter (Tx) and receiver
(Rx) is blocked. We consider the network architecture in
Fig. 1, exploiting aerodynamic HAPS-RIS to connect the
unconnected ground stations. We consider the RIS to be a
rectangle with the length @ and the width b, which is located
on the bottom of the HAPS in the xy-plane. d, and d; are the
dimensions of each RIS element, which are in the range of
[%, ﬁ] where \. = % is the carrier wavelength [17]. f. is
the carrier frequency and cg is the speed of light. The RIS con-
sists of P = [4] columns and @ = [di] rows of reflecting
elements. The aerodynamic HAPS has a circular movement
in the stratosphere with radius Ry centered at the origin of
the Cartesian coordinate system and the velocity v. It is not
practical to consider different trajectories for the aerodynamic
HAPS, like what is expected for UAVs. It is vital to con-
sider the circular trajectory for the aerodynamic HAPS, which
leads to quasi-stationary position, that brings resilience to tur-
bulence [7]. As the aerodynamic HAPS is moving with high
speed, both sides of the cascade channel for each RIS element
are time-varying. This can be clearly observed in Fig. 2 which
shows the geometrical mobility pattern of RIS elements based
on the predictive mobility of the aerodynamic HAPS.

Definition 1: The geometrical mobility pattern of the RIS
elements can be attained as a function of the predictive mobil-
ity of the aerodynamic HAPS, and the dimensions a, b,

dg, and dy as (zp,q(t), Yp,q(t), 2p,q(t)) = (Rp,q COS(% +
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Fig. 2. Geometrical mobility pattern of RIS elements based on the predictable

mobility of the aerodynamic HAPS.

ap,q)s Rp.q sm( - Tap, q¢),0) where

Rp,q = \/(RO - % +(p— %)%)2 + (—g + (¢ — %)dy)2,

ey
_b _1
ayp,q = arctan 2 (j (a 2)1dy . 2)
Ry — 2 + (p - j)dz

We consider a LoS dominated scenario for the links between
Tx/Rx and HAPS-RIS as the aerodynamic HAPS-RIS flies
in a high altitude, i.e., 20 km [7]. Furthermore, in HAPS-
RIS scenarios, the ground stations are considered as high
directional antenna gain transceivers which leads to estab-
lishing strong and dominant LoS link [8], [9]. The Tx sends
a passband signal s,(t) V2R{s(t) exp(j2rf.t)} =
(0) exp(i2nfel) 5" (1) X(G2Lt) oo s(1) s the com-

V2
plex baseband signal with bandwidth B/2 which is modulated
to the carrier frequency f. satisfying B < 2f., [18]. Thus,
the received baseband signal can be shown as r(¢) =

5:1 23:1 Ly, q(t) exp(=j27ferp,q(t) — jibp,q(1))s(t —
Tp,q(t) — %”T‘?(Ct)) + n(t) where I'p_4(t) is the cascade chan-
nel gain coefficient for the RIS element (p, g) and n(?) is the
additive white Gaussian noise (AWGN). Additionally, v, 4 (%)
is the phase shift of the RIS element (p, ¢g). Using the Friis
model, [19], I'p 4(¢) is the multiplication of the ground to air
and air to ground amplitude gains as

Ipq(t) = 167‘(21_[ \/ngq ngq
q

where S € {T,R} represents the Tx/Rx. The
distance  between the RIS element gp, g) and
the Tx/Rx can be calculated as d) . (¢) =

V (@p,q(t) = 25)% + (Yp,g(t) — y5)? + (2p,4(t) — 25)2.
Moreover, g;) () is the antenna gain of RIS element (p, q)
to S, which can be a function of 05 q(t ) € [0,7] and

©p, q(t) € [0,27]. We consider that 9, q(t) is zero for
05 ,(t) €[5, 7). The term 05 (t) = arccos(Lp(f)(t)) is
the elevation angle from the RIS element (p, ¢) to S."The term

o5 (1) = arctan(yszipqgg) is the azimuth angle from the
P,q

RIS element (p, g) to S. Furthermore, g "4(t) is the antenna
gain of the Tx/Rx to/from the RIS element (», q@). The terms
Gg’q(t) and cpg’q(t) are the angle of elevation and azimuth
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from S to the RIS element (p, ¢), respectively. 7, 4(¢) is the
cascade path delay for the ng element (p, g), which can be
formulated as 7 4(t) = W.

The instantaneous cascade channel gain as the ratio between
the received power, Pr(t), and the time-invariant transmit
power, P, can be obtained as

2

P Q
Z Z I'p,q(t) exp(—j2mfeTp,q(t) — j¥p,q(t))

p=1g=1

)

Pr(t) _
Py

4)

The time-varying effects caused by the cascade paths through
the RIS elements, i.e., the Doppler spread, Bp,(t), and the
delay spread, Tpe(t), can be obtained as [13], [18]

BDo(t) =fe

d d o
x| gl + 500 - G0+ P20
&)
Tpe(t) = max{rp, q(t) + M} — min{7p,q(t) + L‘I(t)}'
D,q 27 fo g ot
(6)

We consider a multi-objective optimization problem, includ-
ing analogous objective functions as in [13], to maximize (4)
while minimizing (5) and (6) simultaneously. Therefore, the
main optimization problem can be formulated as
, Pr(t)

OP : Vp,q,tznzlpi},(q(t)zo Pr Bpo(t), = Tpe(t) |- (7)
The feasible set v, 4(¢) > 0, originates from the causality
requirement [18]. We consider a mobile RIS where both sides
of the cascade channel are time-varying while in [13] the RIS
is fixed and only one side of the cascade channel is time-
varying. Furthermore, we consider the link between Tx and
Rx is blocked while in [13] the direct link is available. The
adopted technique in [13] does not work for our proposed
model to solve OP. To tackle this issue, as can be seen in
Fig. 2, we consider a single RIS element as a reference with
variable phase shift 1, 4,(%), so that the other phase shifts
can be obtained based on that. The cascade path through the
reference element is called reference path.

III. PROPOSED RIS PHASE SHIFT DESIGN

To find the optimal solution of OP, let us consider the
search space as the set ¥. Even if we relax the continuous
RIS phase shifts to discrete ones with M quantization levels,
to simplify the problem, the search space has M* Q states. As
this is a massive number for a large number of RIS elements,
finding the optimal solution is intractable in terms of com-
putational complexity. For large values of M, to get close to
the continuous case, the search space ¥ becomes prohibitively
large. Thus, it is evident that if the phase shifts are continu-
ous like our proposed scenario, solving (7) is not affordable
in terms of computational complexity. To tackle this issue, we
find the Pareto optimal solution of OP in Proposition 1 by
decomposing OP into OP; and OP».

Proposition 1: Letus decompose OP into OP; and OP3 as

PRr(t)
P

OPy : Vp,q,t : ¢¥p,q(t) € argmax
v T

Narg m‘I}n Bpo (1),
@®)
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OPy : Vp, q,t: p,q(t) € arg min T~ (t). ©)]
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As OP; and OP3 can not be optimized simultaneously, we
consider that OPy has the higher priority order compared to
OPs5, which is elaborated later in Lemma 2. As can be seen in

Fig. 3, OP; optimizes PI}J(Tt) and Bp,(t) simultaneously. Let
us consider all the possible solutions of OP; is the solution set
XOPQ which is a feasible set for OP3. In OP3, we optimize
the delay spread upper bound, TpYP(t), over the feasible set
¥ C x9F2 resulting from solving OP;. The Pareto optimal

closed-form solution of (7) is

Up,q(t) = 2mmod (fe (Tpo,q0 (£) — Tp,q (1)), 1),

where mod(u,n) is the remainder of the division of u by 7.
Tpo,qo (1) is the delay spread through the RIS reference ele-
ment. There is no need to consider 1, 4(t) < 27 as it is
already satisfied in our closed-form solution.

Proof: The Pareto optimal solution can be attained based
on lemma 1 and 2. ]

Lemma 1: As the Doppler spread, Bp,(t) in (5), is a func-
tion of RIS phase shifts, using the following criterion in RIS
phase shift design, this effect becomes zero.

(10)

d d d
7 0pa() = %m0, (1) + 21z @pg(t), (1)

where @p, () = Tpg,q0 (£)—Tp,5(t). For brevity, RIS elements
except the reference element are shown as (p, q).
Proof: The Doppler spread can be represented as

Bpo(t) = max{Bp,,1(t), Bpo2(t)},

where the Doppler spread between the reference path and other
cascade paths is

12)

d Up.a(t)
Boo.(t) = femax | (mpalt) + =575
d Ypo.a0 (1)
_ %(TPO’QO( ) W)‘7 (13)

and the Doppler spread between the cascade paths except
reference path is

d ¥p,q(t)
B t) = max | — (75 5(t) + 24
Do,Q( ) fci),q7ﬁ’,(§’|dt( p,q( ) 27ch )

d d}ﬁ/ Z]’(t)
— — (15 2 () + —"—)|. 14
dt(Tp,q( )+ ol )l (14)
In order to make the Doppler spread zero, we force both Bp,, |
and Bp, 2 to zero, which leads to (11). |

Lemma 2: The Pareto optimal solution, (10), optimizes (4)
and (5) simultaneously, and after that minimizes Tﬁpep (t).

Proof: After forcing Doppler spread to zero, we have a fea-
sible set for 1), () based on (11). First, we integrate (11) with
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respect to ¢ and substitute the result into (4). In the next step,
in order to maximize the instantaneous cascade channel gain,
all the terms of (4) should have the same phase. Therefore,
Vp, ¢ choosing

Up,q(t)
_ S Ypo,a0(t) P = P0,q = qo,
21 fewp, g (t) + 275 5(t) + thpg,q0 () Otherwise,
(15)
and (j 7(t) € Z, maximize (4). It is clear that (4) is the most

important metric among the objective functions, which leads to
maximizing signal-to-noise ratio. From (11) and (15), we see
that (4) and (5) can be simultaneously optimized, irrespective
of the phase shift 1)y, 4,(%). Due to the causality requirement,
p ¢(t) > 0, we can attain the upper bound of delay spread
based on (6) as

w’;;}j } —min{ry4(t)}. (16)

From (15) and (16), it is obvious that there is no single solu-
tion for optimizing OP1 and OP4 simultaneously. As (16) is
an increasing function in 1), 4(t), zero phase shift is needed
Vp, q,t to minimize (16), which is impossible according
to (15). Instead, there are infinite non-inferior solutions, [20].
By substituting (15) into (16), the delay spread upper bound
can be obtained based on the possible solutions of OP; as

TP (1)

= maxyT t
De D,q {7p.q() +

u 0,d0 t
TDEp(t) = max{Tpy,q(t) + pr;fC( )ar%%X{Tpquo(t)
5 alt t
+ 2l Uty g, (). @7)

In the following, we minimize the objective function in OPs.
Based on (15) and the causality requirement, ¢, 4(t) > 0,
we have

t
Gpa(t) = —fewp a(t) — %02’7?(), (18)
from (18) and since (j3(t) € Z, the minimum value
of (5 3(t) can be obtamed as Cm"‘( ) [—fewp,g(t) —

%02733(”] which is a decreasing function with respect to
Yo, o (t)- Equation (17) includes additional increasing func-
P, 40

§74—. By substituting Cmm( ) into (17), it is

obvious that the variation of ¥y, 4, (¢ ) [0, 27] results in a

small variation, less than %C’ in TpPP(t). Hence, we relax

s (t) o ¢ q(t) = [—fcwp,5(t)], which turns (17) into
an increasing function with respect to 1y, 4, (t). Accordingly,
the closed-form solution for the RIS phase shifts are obtamed
as (10) by considering ¢y, 4,(¢) = 0 and substituting C
into (15). This closed-form solution is Pareto optimal baseg on
[21, Th. 4.2.1]. Accordingly, (10) jointly optimizes (4) and (5),
as the first priority order, and minimizes (16) as the second
priority order. Another potential solution of OP is to reverse
the priority order between OP; and OP5. This reversed pri-
ority approach leads to non-efficient solution that is presented
later in Section IV. |

Corollary 1: With this Pareto optimal solution, the Doppler
spread is zero, the maximum value for the instanta-

. . J 2 0)
neous cascade channel gain is achieved as =

tion, i.e.,

| 25:1 25:1 T'p.q(t) |2, and the delay spread upper bound is
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min{y,q(t)}- (19)
As can be seen in Fig. 2, all the circular paths of the RIS
elements have the same center located exactly between the Tx
and Rx. With this symmetrical feature, the proposed closed-
form solution works for all time slots due to the periodicity
of the mobility patterns of the RIS elements.

IV. NUMERICAL EVALUATIONS

In this section, we evaluate the performance of our proposed
RIS phase shift design in Section III. We assume a circular
path with the origin (0, 0, 0) and the radius Ry = 3 km
parallel to xy-plane. The RIS dimensions are chosen in a
way such that ¢ = 20 x b, i.e., the length is much larger
than the width. This is because the RIS is mounted below
the HAPS wing, as in Fig. 1. The RIS element dimensions
are chosen as dy = dy = 50, where f. = 2 GHz, and
hence, the total number of RIS elements can be obtained
as P x Q = [£] x [#] = [5%] x [4%]. HAPS alti-
tude and velocity of 20 ﬁm and v = 110 km/h are used
in our simulations, respectively. These parameters are inline
with the specifications of one of the well-known aerodynamic
HAPS, HAWK30, [7], [22]. The terrestrial Tx and Rx coor-
dinates in the scale of km are (vp, yT, 21) = (—5,0,20) and
(mR YR, 2r) = (5,0,20), respectively. The planar antenna
gain of RIS element @, q) to S can be considered as
95 405 (1), 05 4 () = FFdpdycosty ,(t) for 05 (1) €
[0, 5] and zero otherwise, [13] The gams of the transmit
and receive antennas are g 4(t) = 1. As mentioned in
Lemma 2, an alternative approach to our proposed method is
optimization with reversed priority, i.e., reversing the order of
OP; and OP3 in the optimization process. Hence, in the fol-
lowing, we compare our proposed method with this alternative
approach. In Fig. 4(a) and Fig. 4(b), the cascade channel gain
and ngp(t) of the proposed method and reversed approach
are compared at a snapshot {y = 10 s. Using the result of
Corollary 1, in Fig. 4(a), we plot the cascade channel gain
versus RIS dimensions. As can be seen, in Fig. 4(a), the
reversed approach leads to a poor performance compared to
our proposed method. Exploiting the proposed method makes
the cascade channel gain controllable and it can be construc-
tively increased by increasing the RIS dimensions. In contrast,
the cascade channel gain based on reversed approach is uncon-
trollable as the only controllable parameter, i.e., the RIS phase
shifts are fixed. This is due to the fact, mentioning in Lemma 2,
that 1y, 4(t) is considered zero Vp, ¢, ¢ to optimize Tupp( )
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Fig. 5. (a) Cascade channel gain versus time for different RIS dimensions.

(b) Delay spread upper bound versus time for different RIS dimensions.

with the first priority order. By substituting ¢ = #y s and zero
phase shifts in (4), the cascade channel gain can be formulated

as P%(Tto) = |E§:1 E(?:l T'p,q(to) exp(—j2mferp,q(t0))[*.
The term exp(—j27fe7p, 4(p)) can negatively affect the cas-
cade channel gain and makes it uncontrollable. Adopting the
results of Corollary 1, in Fig. 4(b), we plot TpPP(#) ver-
sus RIS dimensions to compare the proposed method and the
reversed one. It can be seen that the delay spread gap between
our proposed method and the reversed priority is negligible.
Furthermore, by extrapolating Fig. 4(b), we can see that for
a = 80 m, ThEP () is around 8 x 107 s. This is due to
the almost linear behavior of TP (#y) as a function of a.
Therefore, (10) can keep the delay spread upper bound control-
lable even for a large number of RIS elements. The claims for
Fig. 4(a) and Fig. 4(b) are feasible for any ¢ = #y based on the
results presented in Figs. 5(a) and 5(b). In Figs. 5(a) and 5(b),
we analyze the cascade channel gain and TBIe)p(t) versus time
for different RIS dimensions, respectively. Fig. 5(a) shows that
by increasing the value of a from 10 m to 20 m, the cas-
cade channel gain can be increased by 27.7 dB. As can be
seen, the fluctuation is less than 0.1 dB and can be ignored
as it is negligible compared to the average value of the cas-
cade channel gain. There is no significant benefit to consider
the time-varying transmit signal to compensate this negligible
fluctuation. In Fig. 5(b), we plot TP () versus time to com-
pare our proposed method with the reversed approach. As can
be seen, the gap is less than 5 x 107105 and it is negligible. In
addition, it is clear that (10) can make TpPP(t) controllable
for different time slots.

V. CONCLUSION

In this letter, we proposed a new network architecture
exploiting an aerodynamic HAPS-RIS to provide connection
between the unconnected ground stations. We proposed a
multi-objective optimization problem for designing the RIS
phase shifts based on the predictable mobility of aerodynamic
HAPS-RIS. We found a closed-form solution for the RIS phase
shifts, adopting Pareto optimality, based on an RIS reference
element. We maximized the channel gain, forced the Doppler
spread to zero, and minimized the delay spread upper bound.
By exploiting this closed-form Pareto optimal solution, we do
not need to constantly track the channel variations and con-
stantly update the RIS phase shifts by solving optimization
problems. Finally, we showed the performance efficacy of our
proposed closed-form solution through numerical simulation.
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