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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 surface
(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
predictable 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

One of the most important targets in sixth generation wire-
less networks (6G) is the provision of ubiquitous connectivity.
This aim can be attained by integration of terrestrial 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 benefits of adopting NT-RIS
in wireless networks, see [2]—[5] and the references therein.
In practical cases, high altitude platform station (HAPS)-
RIS is one of the promising 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 compared 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, 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.
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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 aerodynamic 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 aerostatic HAPS in wireless
networks are well articulated in [7], e.g., low-cost and swift
deployment, and high resilience to turbulence. These features
make aerodynamic HAPS a promising candidate technology in
the move towards integration of terrestrial 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 consider
RIS-based networks in the presence of time-varying chan-
nel, which can be classified into two groups where RIS is
fixed, [11]-[13], or mobile, [14]-[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 channel gain
between an RIS-aided low-earth orbit satellite and a ground
node. While the main focus of [14]-[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 computational complexity.
Furthermore, the authors in [14]-[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 significant
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features of aerodynamic HAPS. (ii) We mathematically model
the mobility pattern of each RIS element based on the dimen-
sions 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 the mobility profile of a mobile RIS
based on these parameters. (iii) We propose a multi-objective
optimization problem in which the objective functions are the
channel gain, the delay spread upper bound and the Doppler
spread. We obtain a closed-from solution 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 simple 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 a 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
(25, 2<] where A=< is the carrier wavelength [17]. f. is the
carrier fre(ruency and cp is the speed of light. The RIS consists

of P = ﬁ—‘ columns and QQ = L% 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 consider
the circular trajectory for the aerodynamic HAPS, which leads
to quasi-stationary position, that brings resilience to turbulence
[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
mobility of the aerodynamic HAPS, and the dimensions a, b,
dy, and dy as (xpq (t) ., Yp.qa(t), 2p.e(t) = (Rpq cos(% +
Qpq)s Rp.q sin(% + apq),0) where

Rpg=1/(Ro— &+ (p— 1)do)? + (=4 + (g — Ddy)?,
(D
—5+(a—3)d
ap 4 = arctan (Ro _2 o (p—2 %;de . 2

We consider a LoS dominated scenario for the links be-
tween 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
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as high directional antenna gain transceivers which leads to
establishing strong and dominant LoS link [8], [9]. The Tx
sends a passband signal s, (t) = V2R {s (t) exp (j27 fet)} =

(t)CXP(ﬂ"f“tH}(t)CXP( 127f<t) where s(t) is the complex
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(t) =

El Z Lpq(t) exp(—=52m feTp g (t) — jtp,q(2))s(t — Tpq(t) —
p=1q¢=
%pﬂiq;c)) + n(t) where T’ 4(t) is the cascade channel gain

coefficient for the RIS element (p, q) and n(¢) is the additive
white Gaussian noise (AWGN). Additionally, 1, 4(t) is the
phase shift of the RIS element (p, g). Using the Friis model,
[19], T, 4(t) is the multiplication of the ground to air and air
to ground amplitude gains as

Ty (1) = Wnd Wg o]0 ©

where S € {T,R} represents the Tx/Rx. The
distance  between the RIS element (p,q) and
the Tx/Rx can be calculated as dj (t) =

V(@p,q(t) —25)% + (Yp,g(t) = ys)? + (2p,4(t) — 25)2. More-
over, g, . (t) is the antenna gain of RIS element (p,q) to
S, which can be a function of 67 (t) € [0,7] and
¢35, (t) € [0,27]. We consider that gpq() is zero for

05,(t) € [5,7]. The term 6 (t) = %’ki;t)
the elevation angle from the RIS element (p,q) to S. The
term @5, (t) = arctan(%) is the azimuth angle from
the RIS element (p,q) to S. Furthermore, g% (t) is the
antenna gain of the Tx/Rx to/from the RIS element (p,q).
The terms 6%7(t) and %7 (t) are the angle of elevation
and azimuth from S to the RIS element (p, q), respectively.

Tp,q(t) is the cascade path delay for the RIS element (p, g),
2 dy (1)

which can be formulated as 7,,4(t) = =

The instantaneous cascade channel gain as the ratio between

the received power, Pgr(t), and the time-invariant transmit

power PT, can be obtained as

N HAC

p=1g=1

arccos( ) is

- j@bp,q(t))‘ )

“)
The time-varying effects caused by the cascade paths through
the RIS elements, i.e., the Doppler spread, Bp,(t), and the

) exp( j27ch7—p,q (t)
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Fig. 2. Geometrical mobility pattern of RIS elements based on the predictable
mobility of the aerodynamic HAPS.

delay spread, Tp, (t), can be obtained as [13], [18]
Bpo(t) = fex
! Yyt ()
Py ‘gt(Tp’q( )+ w?pﬂiqf(c)) — i (g () + )|

P.a:p’a
(5)
Vg (1)

77Z)P‘I( )}
2 fe 2m fc ©

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 (1)
OP : —Bpeo (1), —Tpe (t
irat X o TR TP (t), —Tpe (t)

Tpe (t) = H;ZX{an (t)+ }—rg’i;l{Tp,q (t)+

(7

The feasible set v, 4(t) > 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 v, 4,(t), 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 W. Even if we relax the continuous
RIS phase shifts to discrete ones with M quantization levels,
to simplify the problem, the search space has MP% states.
As this is a massive number for a large number of RIS
elements, finding the optimal solution is intractable in terms
of computational complexity. For large values of M, to get
close to the continuous case, the search space W becomes
prohibitively large. Thus, it is evident that if the phase shifts
are continuous 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 OPs.

Proposition 1. Let us decompose OP into OPy and OP3 as

Pareto Optimal Solution
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Fig. 3. The proposed Pareto Optimal Solution Method

Pr (t
OP1 : Vp,q,t : ¢, 4(t) € argmax i (1) Nargmin Bp,(t),
’ v PT v
)
OP2 : Vp,q,t: 9y 4 (t) € arg min THPP (). )
hCxO"2

As OPy and OPs can not be optimized simultaneously, we
consider that OPy has the higher priority order compared to
OPs, which is elaborated later in Lemma 2. As can be seen in
Fig. 3, OP;y optimizes P%;t) and Bpo(t) simultaneously. Let
us consider all the possible solutions of OPq is the solution
set xOF2 which is a feasible set for OPa. In OPa, we optimize
the delay spread upper bound, Ty'" (t), over the feasible set
¥ C x°F resulting from solving OPy. The Pareto optimal
closed-form solution of (7) is

Vp,q (t) = 2mmod (fe (Tpg,q0 () — Tp,g (1)), 1)

where mod(u,n) is the remainder of the division of p by 1.
Tpo,q0 (t) s the delay spread through the RIS reference element.
There is no need to consider 1, 4 (t) < 2m as it is already
satisfied in our closed-form solution.

(10)

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

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

Lpsq (1) = by g0 (t) + 2 folhams 4(1), (11)

where wp ;(t) = Tp,.q0 (t)—7p,5 (t). For brevity, RIS elements
except the reference element are shown as (p, §).

Proof. The Doppler spread can be represented as
Bpo(t) = max{Bpo,1(t), Bpo2(t)},

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

BDo,l (t) =

12)

¥p.q(t)
on. )T

P , t
L (T g0 (£) + Lege22@)),

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

BDO,Q( )

femax|-E(75.4(t) +
pg P (13)

fo max | (7 (1) + 5550~ "
P 'l’[,/,q’ (t)
& (mar (8) + "5 =)]-
In order to make the Doppler spread zero, we force both Bp, 1
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 ThE" (¢).
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Proof. After forcing Doppler spread to zero, we have a feasi-
ble set for 1, ,(t) based on (11). First, we integrate (11) with
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

¢p,q (t) =
Vpo,q0 (1) P =D0,q = Qo
27 fewp,5(t) + 27Cp,5 () + Ypg.qo (t)  Otherwise,
(15)

and (j 4 (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 ¢, 4 (t). Due to the causality requirement,
Pp.q(t) > 0, we can attain the upper bound of delay spread
based on (6) as

TRe (1) = max{7,g(t) + 542} —min{r0()}. (16)

From (15) and (16), it is obvious that there is no single
solution for optimizing OP; and OP; 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

u wl’ 54 t
THEP (1) = mac{ry g, (1) + P55 masc{my g, (1) +
5.5(0) | Ypgiao(®) .
gl 4 Lrgn @y — min{r, (1)}
a7
In the following, we minimize the objective function in OP5.
Based on (15) and the causality requirement, ¥, ,(¢) > 0, we

have Cﬁ,q (t) > _fcwﬁ,q(t) . 1!’1002-,;1:)(15)7 (18)

from (18) and since ;5 (t) € Z, the minimum value of (; 4 (¢)

can be obtained as (Tl (t) = | — fowwp 4(t) — %“27;‘;’(”—‘ which

DG
is a decreasing function with respect to 1, ¢, (¢). Equation
P0,490 (t) . By

. 27 fe
substituting ¢3'7 (¢) into (17), it is obvious that the variation of
Ypo.q0 (t) € [0, 27] results in a small variation, less than %, in
Tpe? (). Hence, we relax (1 (t) to (5 (t) = [—fewp q(2)],
which turns (17) into an increasing function with respect to
Upo.q0 (t)- Accordingly, the closed-form solution for the RIS
phase shifts are obtained as (10) by considering ¢, 4,(t) =0
and substituting ¢, () into (15). This closed-form solution is
Pareto optimal based on Th. 4.2.1 in [21]. 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 priority 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 instan-

L ) PR (¢
taneous cascade channel gain is achieved as s U]

P Q 2 o
3 3Ty (1)

p=1g=1

(17) includes additional increasing function, i.e.,

, and the delay spread upper bound is

5 x10%
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Fig. 4. (a) Cascade channel gain versus RIS dimensions at ¢ = tg. (b) Delay
spread upper bound versus RIS dimensions at ¢t = to.

mi $H10)
ngp mn (t) = maX{Tpoy% (t)a H}%aqX{Tpoﬁ(Io (t) + %}}

- Ig};l{Tp,q )}
(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 zy-plane. The RIS dimensions are chosen in a
way such that a = 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 d, = d, = % where f. = 2 GHz, and
hence, the total number of RIS elements can be obtained
as P x Q= [4] x [%] = [3%] x [4%]. HAPS altitude
and velocity of 20 km 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 co-
ordinates in the scale of km are (zr,yr,2r) = (—5,0,20)
and (zgr,yr,2r) = (5,0,20), respectively. The planar an-
tenna gain of RIS element (p,q) to S can be considered
as g;iq (057(1 (1) ,gpi‘iq (t)) = ‘f\—gdxdy cos Qiq(t) for qu(t) €
[O, g] and zero otherwise, [13]. The gains of the transmit and
receive antennas are gt'?(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 OP4
in the optimization process. Hence, in the following, we com-
pare our proposed method with this alternative approach. In
Fig. 4(a) and Fig. 4(b), the cascade channel gain and 7" (¢)
of the proposed method and reversed approach are compared
at a snapshot tg = 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 ap-
proach leads to a poor performance compared to our proposed
method. Exploiting the proposed method makes the cascade
channel gain controllable and it can be constructively increased
by increasing the RIS dimensions. In contrast, the cascade
channel gain based on reversed approach is uncontrollable as
the only controllable parameter, i.e., the RIS phase shifts are
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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.

fixed. This is due to the fact, mentioning in Lemma 2, that
¥y q(t) is considered zero Vp,q,t to optimize THh"(t) with
the first priority order. By substituting ¢ = ¢( s and zero phase
shifts in (4), the cascade channel gain can be fermulated as

P Q
o) — 2 3 Tpalto) exp(=j27ferpq(to)| - The term
p=1lg=
exp(—j2m fe7p 4(to)) can negatively affect the cascade chan-
nel gain and makes it uncontrollable. Adopting the results of
Corollary 1, in Fig. 4(b), we plot THEP (¢g) versus RIS dimen-
sions 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,
THPP(to) is around 8 x 1078 s. This is due to the almost linear
behavior of TP (tg) as a function of a. Therefore, (10) can
keep the delay spread upper bound controllable 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 T1,PP (¢) 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 cascade 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 cascade 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
THPP(t) versus time to compare our proposed method with
the reversed approach. As can be seen, the gap is less than
5 x 10710 s and it is negligible. In addition, it is clear that
(10) can make T3P (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
constantly 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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