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TAIS: Transparent Amplifying Intelligent Surface
for Indoor-to-Outdoor mmWave Communications

Bin Liu™, Student Member, IEEE, Qing Wang ", Senior Member, IEEE, and Sofie Pollin™, Senior Member, IEEE

Abstract— This paper presents a novel transparent amplifying
intelligent surface (TAIS) architecture for uplink enhancement
in indoor-to-outdoor mmWave communications. The TAIS is an
amplifier-based transmissive intelligent surface that can refract
and amplify the incident signal, instead of only refracting it with
adjustable phase shift by most passive reconfigurable intelligent
surfaces (RIS). With advanced indium tin oxide film and printing
technology, TAIS can be fabricated on the windows without any
visual effects. This paper primarily focuses on exploiting the
TAIS-based architecture to boost the uplink spectral efficiency
(SE) in indoor-to-outdoor mmWave communications. By jointly
optimizing the TAIS’s phase shift matrix and transmit power
of the user equipment, the uplink SE can be maximized by
exploiting the nonlinearity in the TAIS’s amplification process.
The key enabler is that we drive the optimal phase shift
matrix that maximizes the SE and deduces its closed-form
representation. The SE maximization is then proved to be
transferred to the transmit power optimization problem. Another
important enabler is that we design a low-complexity algorithm
to solve the optimization problem using the difference of convex
programming. Moreover, the asymptotic spectral efficiency under
nonlinear amplification and power scaling law with infinitely
large elements under both the sparse and rich scattering channel
models are analyzed. Simulation results show that our proposed
TAIS can increase the SE by up to 24.7% as compared to its
alternative methods.

Index Terms— Reconfigurable intelligent surface (RIS), trans-
parent amplifying intelligent surface (TAIS), mmWave MIMO,
spectral efficiency, indoor-to-outdoor communication, nonlinear
amplification.

I. INTRODUCTION

HE advanced 5G technology is empowering our lives and

various industries [1], [2]. Various applications and verti-
cal domain expansion emerging from the evolution of mobile
broadband, e.g., virtual reality and augmented reality, require
beyond-5G networks to provide better uplink qualities [3], [4].
In particular, over 80% of mobile uses rely on the indoor-to-
outdoor communication [5]. With the standardization efforts in
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the 3GPP Rel-16 and Rel-17, the millimeter wave (mmWave)
frequency band is introduced as the 5G new radio (NR)
to accommodate the increasing spectrum and transmission
demands [6]. Thus, enhancing the uplink capability of indoor-
to-outdoor mmWave communication is important for future
wireless networks.

Enhancing the uplink capability in indoor-to-outdoor
mmWave communication is challenging. One reason is that the
radio waves from indoors to outdoors suffer from penetration
losses greatly, in the order of 15 to 26 dB in sub-6 GHz and
35 to 53 dB for mmWave band [7]. Another reason is that
UEs are powered by battery, and the additional penetration
loss challenges the link budget of indoor UEs. Emerging
applications such as extended reality (XR) have the require-
ments in both capacity and power saving as specified in 3GPP
Rel-17 [8]. It is critical to boost the uplink capacity
with efficient power saving of UEs for indoor-to-outdoor
communication.

Relay or repeater, a node deployed between the base station
(BS) and UEs, can improve the network capacity in buildings.
3GPP standardizes relays for different 5G use case scenarios,
such as integrated access and backhaul in Rel-16 and Rel-17.
However, relaying has several drawbacks, such as signal pro-
cessing complexity, noise enhancement, and self-interference
at the relay nodes. Thanks to the advances in meta-materials,
reconfigurable intelligent surfaces (RISs) have been proposed
to intelligently control the wireless channels [9], [10], [11].
Passive RIS elements are man-made electromagnetic sensors
that are controlled by integrated circuits to effectively adapt
the wavefront characteristics such as phase, frequency, and
even polarization of impinging signals. Due to these advan-
tages, RIS has become a promising technology for beyond-5G
networks [12]. Compared to traditional amplify-and-forward
relays, RISs have low complexity and self-interference avoid-
ance advantages. Without requiring completed RF modules,
most RISs reflect or passively refract impinging signals. More-
over, RISs are configured to operate as anomalous reflectors
or refactors that are not subject to the half-duplex constraint
and self-interference, which typically exist in the amplify-
and-forward relays. RIS has been studied in [13] to enhance
indoor-to-outdoor communication, where the RIS is composed
of a large number of chipless RFID sensors and built inside
the wall with outdoor and indoor antennas on both sides.

However, RIS can introduce the multiplicative fading effect,
because the equivalent path loss between the transmitter-
RIS-receiver link is the product of the path losses of the
transmitter-RIS and RIS-receiver links, which could be much
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larger than that of the direct link [14], [15], [16]. To overcome
this issue, Long et al. in [17] use active RIS where each
element is assisted by active loads that reflect and amplify
the incident signal. In [18], reflection-type power amplifiers
(PAs) are integrated into RIS to amplify the reflected signals.
However, most of the current active RIS studies evaluate the
performance under the linear amplification process assump-
tion. In practice, the amplification of PA is always nonlinear.
When working in a saturation regime, PAs generate distor-
tion — which is relevant to the input signal — and degrades the
system performance.

In this paper, for the first time, we propose a transpar-
ent amplifying intelligent surface (TAIS) architecture for the
indoor-to-outdoor mmWave communications, as illustrated in
Fig. 1. This amplifier-based transmissive metasurface can
refract and amplify the incident signal instead of only refract-
ing it with the adjustable phase shift. Benefiting from the
advanced indium tin oxide (ITO) film and printing technolo-
gies, TAIS can be fabricated on an optically-transparent ITO
glass or graphene materials [19], [20], which can be integrated
into the windows without visual effects [21]. TAIS could be
easily installed in an environment-friendly way and can match
the surroundings, rather than being embedded into/on concrete
walls like some RISs [13]. To analyze the TAIS’s performance,
we select the metric uplink spectral efficiency (SE) with the
practical consideration of nonlinear amplification. The SE
maximization objective is formulated by jointly optimizing
the phase shift matrix of the TAIS and the transmit power
of the UE. Below, we summarize the main contributions of
this paper.

e We propose a first-of-its-kind transparent amplifying
intelligent surface (TAIS) architecture for uplink enhance-
ment of the indoor-to-outdoor mmWave communications.
As an optically-transparent refractor that can be deployed
on windows, TAIS can adjust the phase shift of
impinging signals, perform beamforming and amplify

Ilustration of the proposed TAIS-enhanced indoor-to-outdoor mmWave communications.

the signals. Thus, TAIS can save the link budget of
indoor UEs.

e We drive the optimal phase shift matrix that maxi-
mizes the uplink spectral efficiency and deduces its
closed-form representation, where the PAs’ nonlinearity
is considered in the amplification process of TAIS. The
SE maximization is proved to be transferred to the
optimal transmit power optimization problem. We further
design a low-complexity algorithm to obtain the optimal
transmit power based on the difference of convex (DC)
programming.

o We analyze the asymptotic SE considering the nonlin-
earity of the PAs under both sparse and rich scattering
channel models. We also examine the power scaling law
of the TAIS-enhanced mmWave communication when
there are an infinite number of elements.

Through various simulations we demonstrate that our proposed
TAIS-enhanced indoor-to-outdoor mmWave communication
can enhance the uplink capacity without sacrificing the link
budgets of UEs. Simulation results show that our algorithm
can achieve an SE increase of up to 24.7% when compared to
other alternative methods.

The rest of this paper is organized as follows. Section II
describes the architecture and models of the proposed TAIS.
Section III formulates the considered SE maximization objec-
tive. Section IV elaborates on the joint phase shift matrix and
transmit power optimization. Asymptotic spectral efficiency
analysis is given in Section V. Simulation results and conclu-
sion are presented in Section VI and Section VII, respectively.

Notations: The following notations are used throughout this
paper. a and A stand for a column vector and a matrix,
respectively; [A]; ; is the entry on the ith row and jth
column of A. The conjugate, transpose, conjugate transpose,
determinant, and trace of A are represented by A*, AT AH,
det(-) and tr(-), respectively; | - | and || - || denote modulus
and Frobenius norm, respectively; ® denotes the element-wise
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product operation of a matrix; E[-] is the expectation of
a complex variable; C and N represent the complex num-
ber and nature number, respectively; CA (fi, ¥) denotes the
complex multivariate Gaussian distribution with mean g and
variance 3.

II. TAIS-ENHANCED INDOOR-TO-OUTDOOR
MMWAVE COMMUNICATION

A. System Model

We consider a TAIS-enhanced indoor-to-outdoor mmWave
communication system as shown in Fig. 1. The optical-
transparent TAIS is deployed on the window to enhance the
performance of the uplink mmWave transmission from the
indoor UE to the outdoor BS. Because the TAIS is transparent,
it does not affect much the visual effect of the window. Assume
the BS is equipped with N receiving antennas and the UE has
a single antenna. There are M active transmissive elements
(TE) on the TAIS, where each element can reconfigure the
incident signal from the UE with the desired phase shift and
amplify the signal. The signal amplification is realized by
a parametric power amplifier [22]. Let the diagonal matrix
© = diag(e??1,--- M) € CM*M denote the phase shift
matrix of the TAIS, where 9,,, € [0,27) is the phase shift of
the TAIS’s m-th element. The baseband equivalent channels
from the UE to the TAIS, and from the TAIS to the BS,
are denoted by h € CM*! and F € CV*M | respectively.
Following the state-of-the-art studies [15], [16], [17], [18],
we assume the channel state information (CSI) of all the
involved channels is known at the UE, BS, and TAIS. The
received signal at the BS is given by

r=Ffs(Ohs)+n=Ffs(Ox)+n, (1)

where x = hs = [21, -, 5] € CM*! denotes the incident
signal at the TAIS; s is the transmitted signal by the UE with
transmit power E[|s|?] = P; fa(:) : C — C is a function
that describes the input and the output relationship of the
signal amplification process at the TAIS; n ~ CN (0, NoIy)
models the additive circularly symmetric complex Gaussian
noise. We present the modulation and application process of
the TAIS and channel modelling for the considered TAIS-
aided indoor-to-outdoor mmWave communication scenario in
the following subsections.

Remark: Note that our proposed TAIS is fundamentally dif-
ferent from the hybrid relay-reflecting RIS described in [23],
[24], [25], and [26]. Specifically, each element in the hybrid
relay-reflecting RIS connects to a complete RF component
including the power amplifier and RF chain, enabling the dig-
ital modulation of the signal in both amplitude and phase. Such
active elements of a relay-reflecting RIS are used for sending
pilot signals and estimating the channel state information [23],
[24], [25], or performing digital beamforming [26]. In con-
trast, our proposed TAIS is simpler, which does not perform
fully digital modulation but only refracts and amplifies the
incident signals. The signal amplification mechanism of TAIS
is similar to the reflect-type amplifying surface [18], [27],
but TAIS is in a refraction manner. TAIS is also different
from the full-duplex amplify-and-forward relay, in terms of
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Fig. 2. Block diagram of a refraction-type amplifier.

hardware architecture and transmission model. Specifically,
a full-duplex amplify-and-forward relay is equipped with RF
chains to receive the incident signal and then transmit it after
amplification in two successive slots. Our TAIS, based on
the amplification metasurface [28], [29], provides directive
and diverse radiation beams and large amplification, and steer
beams by simply changing the bias of the gradient active
nonmagnetic nonreciprocal phase shifters.

B. Transmissive Amplifying Surface Model

Each element in the proposed TAIS can work as a refraction-
type amplifier, which allows the refraction coefficient n greater
than unity, i.e.,

2 (Bp+Ra)’ + (X + Xa)® 1 2
‘77| - 2 2 > ’ ( )
(RL—RA) +(XL—|-XA)

where R;, and R4 denote the resistance of the load and the
antenna, respectively; X7 and X 4 denote the reactance of the
load and the antenna, respectively. It enables the elements to
serve as low-power refraction-type amplifiers.

The low-power refraction amplifier, whose block diagram
is illustrated in Fig. 2, can realize the power amplification
with a varactor diode circuit, three filters, and a pump source.
An ideal impedance matching can be employed to realize such
a single-port amplifier. The input signal power is amplified
at the varactor diode, which can form a parametric amplifier
based on the Manley—Rowe relations [30]. Filter 1 works for
filtering out the undesired signal spectrum. Filter 2 works for
the ideal operation of parametric amplification. In particular,
it only allows the signal at the frequency of the pump source
to pass through, which prevents mixing the input signal or the
high-frequency component generated during the amplification
process into the pump source. Filter 3 is used to filter out the
undesired high-frequency component in the amplification, and
only the amplified input signal at f; can pass through. The
circulator can discriminate the input signal and the output
signal during the amplification process. In addition, due to
the nonlinear property of the varactor diode, there exists a
nonlinear operation region where the amplification gain is
nonlinear while the phase is almost perfectly preserved [17].
Next, we model the nonlinear amplification process.
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C. Nonlinear Amplification Model

In this paper, we adopt a memoryless polynomial model of
order 2K + 1 to describe the nonlinear behaviour of the power
amplification process f4(-), following [31], [32], and [33]. The
equivalent baseband output signal of the m-th PA connected
to the TE is given by

K
U = [(0m) 2> Borsr [Vm[* v, 3)
k=0
where v, = [®]my.mhms denotes the equivalent phase-

modulated signal of the m-th TE. (41 is a model
parameter that takes complex values in general. It can capture
both amplitude-to-amplitude modulation (AM/AM) distortion
and amplitude-to-phase modulation (AM/PM) distortion. The
instantaneous amplitude gain of the PA is written as

K
=Y Porir lom[*"

k=0

Ay unz

gm “4)

Um

Let the diagonal matrix G diag(g1,--- ,gnm) denote
the instantaneous amplitude gain of each PA in (4),
and phase-modulated signal vector is denoted by v
[v1, ,vm]T = Ohs € CM*! Then, the amplified signal
vector u can be represented as u = Gv.

D. Channel Model

1) Outdoor Channel Model: We consider a cluster channel
model with Lo paths in the outdoor scenario between the TAIS
and the BS, and the channel matrix can be given by

Lo
MN
F = \/Li2 E apaps (Y], o7 )aras(
=1

S S{, NxM
[ta é)g(c 9

(&)

where ay is the complex gain of path ¢ between the TAIS
and the BS, which includes both the path-loss and small-
scale fading. In particular, for the given large-scale fading,
{ae} for all £ € {1,---,Ly} are iid. random variables
drawn from distribution CA/(0, 107%-1PL2) ' where PL, is the
outdoor path-loss in dB, consisting of a constant attenuation,
a distance-dependent attenuation, and a large-scale log-normal
fading. P and ¢7 are the azimuth and elevation angles of
arrival (AoA) of the BS; 1/}? t and ¢ft are the azimuth and
elevation angles of departure (AoD) of the TAIS, respectively,
corresponding to the channel’s path /. aras € CM*! and
agg € CV*1 are the unit-norm array response vectors of the
BS and TAIS arrays, respectively. We assume that both the BS
and TAIS are equipped with uniform planar arrays (UPAs) [34]
Jwith array responses

1 x e )
ags (w’ q5) _ A ﬁ’ . ,e_j%AT‘(n“ sin ¢ sin ¢+mny, cos (15)7
ev

T

7esz%AT((Nazfl)sinwsinqur(Nm,fl) cos ¢) ,

(6)
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1 x . )
ATAIS (qua ¢) = MM 17 T 767J2TAt(ma sin g sin tms cos ¢)7
aziVlev
T
. 7e—j2T"At((Maz—1)sin’«/)sin¢+(1\/[ev—1) cos ¢) ,

(7

where N,, and Ng, (or M,, and M,,) are the number of
elements on each column and the row of the UPA at BS
or TAIS, respectively; we have N = N,,N., and M =
M, M,,. X is the signal wavelength. A; and A,. represent the
antenna spacing of the arrays at the TAIS and BS, respectively.

2) Indoor Channel Model: We consider a cluster channel
model with L; paths between the TAIS and the UE in the
indoor scenario. The channel matrix can be given by

Ly
M
h=1/z: > Garas (¢, 677 € CMXY 0 (8)
=1

where (, is the complex gain of path ¢ between the TAIS
and the UE, which includes both the path-loss and small-
scale fading. In particular, for the given large-scale fading,
{C¢} forall £ € {1,---, Ly} are i.i.d. random variables drawn
from distribution CN/(0,10~%FL1) where PL; is the indoor
path-loss in dB. zb?T and qﬁfr are the azimuth and elevation
angles of arrival of the TAIS, corresponding to path ¢ of the
channel, respectively.

III. PROBLEM FORMULATION

In this section, we analyze the uplink spectral effi-
ciency (SE) of the proposed TAIS-enhanced indoor-to-outdoor
mmWave communication system, where a realistic amplifica-
tion process of TAIS is considered. In particular, by applying
Bussgang’s theorem [34], we divide the amplified signal into
two parts: a linear scaled part and an uncorrelated distortion
part. The SE of the nonlinear amplification at TAIS is derived.
Finally, the SE maximization problem is formulated by jointly
optimizing the phase shift matrix of the TAIS and the transmit
power of the UE.

Based on Bussgang’s theorem, the amplified signal of TAIS
can be represented as

u=Gv+eecCM, )

where v is the linearly amplified version of the phase mod-
ulated signal at TAIS, and contaminated with the nonlinear
distortion e. G denotes the average linear gain of the amplifi-
cation. e = [ey, - - , eps] collects the nonlinear distortion over
all the elements. According to the Bussgang’s theorem, the
distortion generated at the output of each PA is uncorrelated
with the input signal to that PA, ie., E{vien} = 0.
We assume that the element branches are isolated from each
other. Hence, G is assumed to be a diagonal matrix and can
be given as

G = dlag @(pl), v 'vg(p'm)) ) (10)

where p,, = |h,e?’"|2P is the power of the input signal
at m-th PA; G(pm) = Sopo Bonrr(k + 1|2 p,> is the
linear amplification gain. The derivation details can be found
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in Appendix A. Then, by comparing with u = Gv in (4), the
nonlinear distortion can be expressed as

e:(G—a)v, (11

where the distortion vector e is a zero-mean complex random
vector with covariance matrix as

K

Ce= Y TiC, 0 |C,[**T],

k=1
where Cy = E {vv}
matrix of signal vector v. I'y, = diag (% (P1),- -
and

— 1 . q 1 | h 19m 2P (a=Fk)
—\/mz;cﬁzkﬂ I (g +1)! (| me’’™| ) :
q=

13)

(12)

= POhh"O! is the covariance
Yk (Par))

The detailed derivation can be found in Appendix B.
Incorporating the PA’s nonlinearity, the received signal at
the BS in (1) is updated as

r=FGv+Fe+n. (14)

When Gaussian symbols are transmitted, the SE of the uplink
transmission is given by

SE = log, [det (Ly + R,'FGC,G )|
= log; [det (Ty + PR;'FGOhO'G )]
(15)

where Ry, = FCF! + NoIy.

As derived in (10) and (12), the linear amplification
matrix G and the covariance matrix of the distortion Ce
depend on both the phase shift matrix ® of the TAIS and the
transmit power P of the UE. Hence, the optimization problem
is formulated as maximizing the SE by jointly optimizing the
phase shift matrix of the TAIS and the transmit power of
the UE, as follows:

Po :Igfg{ SE(P,©) (16a)
s.t. 0 <P < Puax, (16b)
O = diag (6ﬂ91,6ﬂ92, e ,eﬂM) , (16¢)

where P ,x is the maximum transmit power of the UE.

IV. UPLINK SE OPTIMIZATION

Problem Py is challenging due to the nonconvexity of the
objective function and the per-element unit modulus constraint
placed on the phase shift matrix of the TAIS. In particular, due
to the absence of distortion C, in (12) and per-element unit
modulus constraint, Py is a non-convex optimization problem
with non-convex constraints. Furthermore, the computation of
the distortion covariance matrix C, incurs high complexity
due to the high-order element-wise matrix product. In this
section, we will derive the optimal phase shift matrix @~
that maximizes SE under the considered indoor-to-outdoor

1227

scenario. Then, the SE maximization problem Py is proved
to be transferred to the optimal transmit power optimization
problem. Finally, to further reduce the computational com-
plexity, we design a low-complexity algorithm to obtain the
solution using the difference of convex (DC) programming.

Considering in reality that the indoor distance d; is usually
short, the maximum clearance of the first Fresnel zone can be
written as [35]

dr = %\/dl/\. 17)
For example, at the typical mmWave frequency f = 28 GHz,
the maximum clearance of the first Fresnel zone dp =~
7.32 mm for a typical indoor distance di = 2 m. The
surface with M = 1000 elements is about 8 mm in length,
which means the power of the incidence signal on the surface
is dominated by the strongest path of the indoor channel
h. Moreover, as indicated in the 3GPP clustered-delay-line
(CDL) models [36], although multiple clusters may exist in
the channel, the directed and narrow beam makes clusters in
the other directions insignificant to the communication link.
This dominant cluster or path concept has also been verified
recently by a dynamic mmWave channel measurement in an
indoor scenario at 28-30 GHz [37]. With these observations,
the indoor channel characteristics can be approximately rep-
resented by its strongest path, as given by

— 76‘7v 75'7_ —
h ~ MCdeaTAIS (wma)m ¢max) é O-hh 6 C1\J><17

where ¢>r ¢S are the azimuth and elevation angles of
arrival at the TAIS that correspond to the strongest path
with the largest channel gain (yax in the indoor channel h.
For notation simplicity, let the complex channel gain o}, =
VM max, and h = agags (@irm, 65;}() Then, the covariance

matrix of the phase-modulated signal v can be written as
C, =E{vw!'} = @h E{|s|*} h"e" ¢ CM*M
= Po2@hh @ ¢ CM*M
A p@ﬂHGH e CMxM

(18)

19)

For notation simplicity, we denote p as the power of the
equivalent phase-modulated signal feeding to the m-th PA as

pm =E{|vm*} = [Cylmm = op P = p,Vm. (20)

In the following, we derive the optimal phase shift
matrix ®* that maximizes the SE, and deduce the closed-form
maximum SE representation in Theorem 1.

Theorem 1: The SE in (15) can be maximized if the phase
shift matrix of the TAIS ©™ satisfies

O©h = arars (Vi Patax)s

max? max

3y

where 5t and ¢3¢, are the azimuth and elevation angles
of departure of the TAIS corresponding to the path with
the largest small-scale fading gain in the outdoor channel
matrix F. In other words, the optimal phase shift of the m-th

element of the TAIS v}, satisfies

19:77, = l{aTAIS (wita)m (b]%ax)}m - 457717 (22)
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where /{arta1s(V3t., ¢35t Vym and ZLh,, denote the

angle of the m-th element of transmit steering vector
arais(Vot ¢St ) and the channel h in (18), respectively.
Then, the maximum of the SE is achieved as

— . . —H,_ 1==H
SE = [loga ‘IN + 07 (p)(NoLy + p7c(p)FE )~ 'FF H ,
(23)

where F = Farats (U5l nax) € CVX1 7,(p) and 7,(p)
represent the linear and nonlinear power gains, respectively,
and can be given by

2

K
T.0) 2 G0 =D Barpa (b +DIF| . @24
k=0
K
F.(p) 2> vk (p)F p7*. (25)
k=1
Proof: See Appendix C. (]

As revealed in Theorem 1, SE only depends on the transmit
power of the UE, if the optimal phase shift matrix ©* is
adopted at the TAIS. In this sense, the per-element unit
modulus constraint can be removed. Hence, the maximum SE
can be achieved by optimizing the transmit power of the UE
in one-dimension. Problem Py can be simplified as

SE(p)

P1 :max
P

st. 0< p <07 Prax. (26)

Although the complexity for obtaining an optimal solution
to maximize the SE in Problem P, has been reduced based
on Theorem 1, the Problem P; is still challenging to solvepo
due to the non-convexity of the SE function. In the following,
we propose a low-complexity DC-based method to obtain
the solution of Problem P;. The key idea is to equivalently
transform the optimization P;. The objective function after
transformation is shown as the difference of the two convex
functions. The new problem can be then iteratively solved by
using DC programming [38].

First, P; can be equivalently transformed to

— — 7H7
Py imax log, (No + p(7(p) + 7)) F )

y1(p)
—H—
—log, (No+ 7 (p)F F) )
y2(p)
st. 0<p <07 Poax. (28)

Proof: The objective function of P; can be rewritten as

— . . —H,_ 1—==H
SE(p) = logy |In + p7(p) (NoLy + o7 (p)FF ) ' FF"|

(29a)
_ —=H . —H
= log, ‘ms(p)FF + (NoIn + pYe(p)FF )‘
——H
— log, ’N()IN + p7e(p)FF ‘ (29b)
S _ —H—=
— log, (No + p(7s(p) + Te())F'F)
—H—
~logy (No + pe())F F), (290)
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where (29b) is by log, Iy + AB™'| = log, |A +B| —
log, |B|; (29c) is by the Weinstein—Aronszajn identity
|IN+AB‘ = ‘IM+BA|. O

Note that the objective function of Problem P, can be
viewed as a difference of two convex functions, denoted by
y1(p) — y2(p), and the feasible set of Problem P is convex.
Now, we can solve Problem P, by using DC programming.
The main idea is to iteratively solve convex approximations
of Problem P5, which is obtained by linearizing the function

ya2(p):

y2(p) = logy (No + p%(p)FHF) .

Specifically, the convex approximation of Problem Ps at the
i-th iteration is given below:

(30)

Ps ;p(i) £ arg mfx y1(p) — 12(p, p(i—l))
st 0< p < 0h Pna, 31)

where
v (p, p(zel)) — y2(p(z'71)) + ylz(p(iﬂ))(p _ p(ifl)),

and y5(p) is the derivative of the distortion power function
and can be written as

ys(p) =

(32)

1 —H—
——F F (%(p) + p% .
(o) In2 (Fe(p) + p7e'(p))
¥ (p) denotes the derivative of the nonlinear power gain,
as given by

(33)

3 d
= Z(% e (0)7 P25 [ ()| kaE-Em) :
k=1
(34)
with
d 1 K
’yg;p) B \/k: Z Pak+1 <Z> (g +1)! (g — k)pla=k=1),
qg=k+1
(35)

Problem Ps3 is a convex optimization problem and can be
solved using standard convex optimization techniques, e.g.,
the CVX tools.

The lower bound of SE is given in Corollary 1.

Corollary 1: A lower-bound of SE is described as follows:

7.() )
Ye (p) + 55 )

where k= |(alls (V8. 68 O Farats (V. 050 | is the
effective channel gain between the UE and the BS; 95, and
B . are the azimuth and elevation angles of arrival of the
path with the largest small-scale fading gain of the outdoor
channel matrix F. This bound is tight if L = 1.
Proof: See Appendix D. |
Corollary 1 shows that a larger array gain x can be achieved
as the increase of the number of TAIS elements M, indicating
the proportional increase of the SE with the number of TAIS
elements.

SE > log, <1 + (36)
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We present the power consumption models for the proposed
TAIS system and the passive RIS design, and analyze and
compare their energy efficiency. The main power-consuming
elements are transmitter (UE), receiver (BS), amplifiers, and
RIS elements. To this end, we first introduce the power
efficiency of the PA, as defined in [33]:

A Pout
n= )

pCOnS

(37

where pous = p(75(p) +7(p)) is the radiated power from the
PA, including both the signal and distortion power, and pcons
is the power consumed by the PA, including both the radiated
and dissipated power. The power consumed by the PA can be
expressed as [39]

v/ Pmax v/ Pmax . _
Pcons = " 2 Pout = n 2 p(’ys(p) + ’Ye(p>)7 (38)

where pmax 1S the maximum output power, and 7yax 1S the
maximum efficiency of the PA. The power consumption of all
PAs is given by

D) V pmax R _

Pamp =M-—- p(’ys(p) + 'Ye(p))' (39)
The phase shift of each RIS element is arranged by pro-
grammable electronic circuits that consume power as well. The
power consumption of the RIS depends on the phase resolution
of RIS elements and is modeled as

Pris = M Pps, (40)

where Pps is the power consumption of a RIS element.
We consider a 6-bit phase resolution for each RIS element,
which could consume 7.8 mW power according to [40]. The
total power consumption of the proposed TAIS system is
expressed as follows:

PINS = 4P 4 Pry + P+ MPrs + Po (@1)

where 4 = n;e{max and 7)ye,max denotes the maximum power
efficiency of the UE. Pry and Pgy are the hardware dissipated
static powers at Tx (UE) and Rx (BS), respectively. Therefore,
they are constant and do not depend on the system parameters.
Likewise, by only omitting the power consumed by the PA
between the RISs, the power consumption of the passive
RIS-assisted system is written as follows:

RlétIS:ﬂP_FPTx‘FPRX‘FMPps. (42)

We define energy efficiency as the energy consumption for
one information bit transmitted from the UE to the BS (in
bits/Joule), as follows [41]

BW x SE*

Poo
where BW is the communication bandwidth. SE? and P!,
represent SE and the total power consumed by the system
where i € {TAIS, RIS}, respectively. The spectral efficiency of

TAIS, SE™IS_ is analyzed in Section III and can be obtained
by using (15). The spectral efficiency of RIS is given by

épE = (43)

P
SERS = log, [det (IN + NOFG)hhHGHFH)] . (44)
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V. ASYMPTOTIC PERFORMANCE ANALYSIS
OF SPECTRAL EFFICIENCY

In this section, we investigate the asymptotic spectral
efficiency of uplink transmission in the TAIS-enhanced indoor-
to-outdoor communications. The power scaling law with an
infinitely large number of elements under both the sparse
and rich scattering channel models are analyzed. The result
accurately captures the impact of the PA’s nonlinearity and
the channel parameters on the spectral efficiency.

A. Approximation Analysis of Nonlinearity

We first present the asymptotic spectral efficiency analysis
under different transmit power levels, as stated in Theorem 2.

Theorem 2: For a finite number of TAIS elements, when
the indoor signal-to-noise ratio (SNR) is high, and the aver-
age power of TAIS’s incidence signal goes infinite, the SE
approaches to

[Borc 11 (K + 1)1

2
Yios =1 {521@“ (™) (K + 1)!}
(45

lim SE = log,

p—00

14

When the average power of the incidence signal of the TAIS
goes to 0, the SE approaches to

PK
NO In2

Proof: When the power p approaches oo at the TAIS,
the linear and nonlinear gains in (24) and (25) approach to

plggo%(/’) = [Par+1(K + 1)!]2 P, 47)

lim SE = 3} (46)
p—0

p— 00

Ko i 2
lim 7,(p) = Z el [52k+1 ( k>(K + 1)!] PR (48)
k=1

With asymptotic linear and nonlinear power gains in (47)
and (48), the lower-bound of the SE in (36) approaches to

¥s(p)

i Te o)+ 33

P—oo
[Borcs1(K + 1)1

2
i Tt [ﬂ%ﬂ(f) (K + 1)!}
(49)

1+

= log,

In the low SNR regime, the power p — 0 at TAIS, the
lower-bound of the SE approaches to

_ PM*N
lim SE = 2= 2 50
i A Nomz * P Ny me 50
which is obtained by using In(1 + z) ~ z. O

Remark: Theorem 2 shows that the TAIS can enhance
the SE of uplink transmission in indoor-to-outdoor commu-
nication, especially in the low SNR region. In this case,
the SE increases with both the number of elements M at
the TAIS and the transmit power P of the UE. However,
different from the observations in most active RIS work such
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Fig. 3. Linear and nonlinear gains of the power amplifier.

as [17], [18], and [27], the increase of transmit power cannot
always lead to a higher SE due to the nonlinear amplification.
In particular, as p increases, the power amplification enters
into a saturation region, where the nonlinear power gain 7,
increases and dominates the SE performance. The linear and
nonlinear power gains as a function of the input power p are
plotted in Fig. 3. The distortion increases rapidly and degrades
the SE performance, which necessitates the optimal power
control p. The optimal input power p that maximizes SE can
be obtained by using the method stated in Section IV.

The maximum spectral efficiency of direct indoor-to-
outdoor transmission is given by

Plhp|? )}
Ny ’

log, [ (1 +

where hp € represent the channel between UE and BS,
denoted by hp € CN*!. The maximum spectral efficiency
is achieved by using maximum ratio combining at BS, i.e.,
wgs = h)/||hp]|. In the low SNR regime, the transmit power
P — 0 at UE, the lower-bound of the SE of typical approaches
to

——Direct

SE

(51

(CN><1

Direct o 1:)||hD||2 PN
- NO In2 N() 1112.

By comparing with (50), the proposed TAIS can achieve a
higher SE by the following:

o Amplification Gain: The TAIS achieves higher SE
through the amplification process, which is proportional
to the amplification gain M (37 > 1.

e Beamforming Gain: The TAIS can achieve a larger
effective beamforming gain by optimizing its phase shift
matrix. The effective channel gain achieved by TAIS «
is proportional to both the element number M at TAIS
and the antenna number N at BS.

lim SE
P—0

(52)

B. Power Scaling Law With Infinitely Large Number of
Elements M

Now we characterize the scaling law of the SE performance
with respect to the number of the reflecting elements M.
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The asymptotic SE performance of the TAIS-enhanced com-
munication with an infinite number of elements is analyzed
under both the sparse and rich scattering channel models.

1) Sparse Channel Analysis: For the sparse channel consid-
ered in Section II-D, when the number of elements M goes
to infinite, M — oo, the SE approaches to

1 + %

: 7s(P)

lim log (1 + = )
M—o0 2 Ve (p )
where the equality is by the fact that the effective channel gain
between the UE and the BS « goes to infinite when M — oo.
When the power of the incidence signal of the TAIS goes to
infinite and 0, the SE approaches to (45) and (46), respectively,
as presented in Theorem 2. When the PAs work in the linear
region, we have

lim SE = lim log,

M — oo M—o0

(53)

lim SE =

M —o00 (54)

Jim log, (1 +7, ()

2) Rich-Scattering Channel Analysis: We characterize the
scaling law under the rich-scattering Rayleigh channel and
optimal receive combiner for a single UE data stream. We first
redefine the BS-TAIS channel matrix as F € CNY* and the
TAIS-user channel vector h € CM*! respectively. Based
on the assumption of the Rayleigh channel model, h ~
CN(0nr, 031ar) and F ~ CN(On xar, 03I ur)-

With (25), we have signal-to-noise and distortion ratio
(SNDR) as

#7(p) [ WHF O ?
P7e(p) [ WHFOR® + Ny’

SNDR = (55)
The singular value decomposition of channel matrix F is given
by F = UV Denote Umax and v« as the left and
right singular vectors corresponding to the maximum singular
value of F. The SNDR in (55) is maximized when the optimal
combiner W* = uy,,, and optimal phase shift matrix satisfies
®*h/||h|| = Vmax, i-e. the optimal phase shift of the m-th
element satisfies

Lhm, (56)

*
0m = 4Vmax,m -

where ZVpmaxm and Zh,, denote the angle of the m-th
element of singular vector vy ,x and the TAIS-user channel
vector h, respectively. Let H = FO*h € CV¥*! denote
the end-to-end channel between the UE and BS when the
optimal phase shift matrix ©* is adopted. The only non-
zero singular value of the end-to-end channel g is given by
Ag = Te(HH) = ‘25:1 SM |l |hm|’ . Thus, when
the optimal combiner w* and optimal phase shift in (56) are
applied, the maximum SNDR is achieved as follows

()l TF O b2
07 (p)|[w*HFO®*h|2 + Ny

2
_ N M
P (0) [0t Sy Fran Fo|

2
__ N M
P7e(0) [ S0y Sy Pl |+ No

SNDR =

(57

Authorized licensed use limited to: TU Delft Library. Downloaded on March 01,2024 at 16:06:14 UTC from IEEE Xplore. Restrictions apply.



LIU et al.: TAIS FOR INDOOR-TO-OUTDOOR mmWave COMMUNICATIONS

By letting M — oo, according to the law of large numbers,
we have

3M2

M
> | Fnl 1| — MN@ 25 (58)
1m=1

Since | F}, | and |k, | are statistically independent and follow
Rayleigh distribution with mean values \/7os/2 and /7op/2,
respectively. As a result, when M — oo the asymptotic SNDR
of the considered system is given by

pM2N27r2,Q,21,1_)?7

¥s(p) ¥s(p)
SNDR — 1 =
M2 N27T2 2 2 o —_— 27
e (p) + No 7e(p) + No/o
(59)
where 62 = pPM2N2ngj 0}

16 :
In the following, we further analyze the asymptotic SNDR
under different PA working conditions. (a)

1) When PAs work in the linear region, we have

pM2N7gj0f

6N, ¥s(p)-

In other words, the SNDR is dominated by the SNR
when the PAs work in the linear region; the nonlinear
distortion is negligible compared to noise. It is similar
to the results shown in [18], where linear amplification
is assumed. The SE approaches to

L M2N27T2 2 2
lim SE — log, <1 + thQf%(p)) .

SNDR — (60)

M—oo 16N0
(61)
2) When PAs are heavily saturated, SNDR — 3::—83 and
SE approaches to '
lim lim SE
M —o00 p—00
= lim log, (1 + 7S(p))
p—o0 Ye (p)
K+ 1D
— log, |1+ [B2rc+1 (K +1)1] .
K
Zk:l T}rl [52k+1 (ka) (K + 1)!}
(62)

It is observed that, when the PAs are heavily saturated,
the SE is independent of the number of elements M.
The SE cannot always benefit from the increase of the
element number M or the number of the receiving
antennas NN.

3) In the low SNR region, i.e., the input power p
approaches to 0, we have

g B VAN
'NoIn2 "' 16NyIn2
(63)

lim lim SE =
M —o0 p—0

which is achieved by using In(1 + z) ~ .
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Fig. 4. Spectral efficiency under different UE transmit power P: M =100,
di = 2.5 m, do =45 m.

VI. PERFORMANCE EVALUATION

In this section, we evaluate the performance of the proposed
TAIS-enhanced indoor-to-outdoor communication system in
simulations. We simulate a system operating at f. = 28 GHz.
The number of antennas at the BS and the number of elements
at TAIS are configured as N = 10 and M = 100 unless
specified otherwise. For the mmWave channels, we set the
number of paths as L; = Ly = 10; the azimuth and elevation
angles of arrival and departure are randomly generated accord-
ing to the Laplacian distribution with an angle spread of 10°;
the complex gain follows the complex Gaussian distribution
CN(0,10791 PLi(d) j ¢ 1,2}, The noise power is config-
ured as Vg = —105 dBm. Referring the path loss models for
NLOS cases in the indoor (InH) environment, i.e., PL;(d;),
and outdoor (UMi) environment, i.e., PLs(dsy), are given as
follows, respectively [7]:

PLy(dy)[dB] = 43.3logy, (d1) + 11.5 4 20log (f.), (64)
PLy(d2)[dB] = 36.7logy (da2) + 22.7 + 26log;, (fe), (65)

where d; and d, are the distances between the TAIS and
the UE and the BS, respectively. As for the amplification
process in TAIS, the parameters of the PA model: 5; = 2.96,
B3 = 448.41e792:816 and B85 = 3000e7°-39 [41], [42]. = 1.2,
Nmax = 0.55, pmax=30 dBm, Prx = 9 dBW, Pr, = 10 dBm,
Pps = 7.8 mW [39], [40], [41], [42], [43].

We repeat the simulations 2,000 times with independent
channel realizations each time, and the simulation results are
averaged. For comparison, we also evaluate the passive RIS
with optimal phase shift matrix ©®*. For a fair comparison,
for the benchmark with passive RIS, we assume that an
extra amplification gain is added at the BS and is equal to
35 dB. We also evaluate the performance under an ideally
linear power amplification assumption, which gives a high
performance bound but is hard to achieve in reality.

A. Performance Comparison

Fig. 4 plots the spectral efficiency when the UE transmits
with different power budget P. The distance from TAIS to UE
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and BS are d; = 2.5 m and d> = 45 m, respectively. We can
observe the proposed TAIS outperforms the passive RIS sys-
tem with the same transmit power of the UE, by optimal
power and phase shifts optimization at TAIS. The passive RIS
with optimal phase shift can achieve the maximum channel
gain by beamforming. The huge path loss causes the weak
direct link from indoor to outdoor, resulting in a low uplink
transmission SE for the case of passive RIS in indoor-to-
outdoor communications. The passive RIS also only achieves
negligible gain in SE due to the weak direct link in indoor-
to-outdoor communications. For example, to achieve the same
SE = 5 bps/Hz, the TAIS can save 20 dBm transmit power
of UE compared to the passive RIS with optimal phase shifts.
Notice that UEs are powered by a battery with limited capacity
and need to be recharged after the battery drains, while the
TAIS is powered by the regular power supply (mains). In this
sense, energy-saving for UE is more critical to the system.

Another observation from Fig. 4 is that the SE is a non-
monotonically increasing function of the input power due to
the presence of nonlinear distortion. The SE increases with
the transmit power of the UE when P < 20 dBm, where
the amplification is in the linear region. The distortion is
negligible compared to the noise power received at the BS.
However, instead of having a linear increase with input power
(red dash line in Fig. 4) as shown in [18], the SE degrades
when P > 20 dBm. The reason is that the SE decreases with
the increase of transmit power when the distortion dominates
the SE performance. To this end, the UE’s transmit power
needs to be meticulously optimized to avoid distortion and
maximize the SE.

Fig. 5 plots the spectral efficiency versus the transmit power
budget P when the UE locates 3 m and 5 m away from the
TAIS, respectively. The proposed TAIS can obtain a maximum
uplink SE of 8.7 bps/Hz when di; = 3 m, achieving 24.7%
increase of SE compared to the case with passive RIS with
optimal phase shift. As observed in Fig. 5, standing away
from the TAIS, e.g., ds 5 m, lowers the UE’s SE since
a larger indoor path loss incurs. It is also observed that the
optimal UE transmit power for TAIS depends on the distance
or path loss between the UE and TAIS, i.e., indoor distance d; .
Larger input power is needed to compensate for the path loss
to achieve the same power level at the TAIS. On the contrary,
when the UE is close to the TAIS, and the indoor path loss
is small, the power of the incidence signal on TAIS increases,
which can push PAs into a deeper saturation regime. In this
way, more distortion is generated due to PA saturation and thus
degrades the performance, e.g., indoor distance d; = 3 m.
Therefore, it is necessary to jointly optimize the transmit
power of UE and the phase shift matrix at TAIS to maximize
the SE.

We further evaluate the spectral efficiency when the UE is
located at difference indoor distances (d;) to the TAIS. The
results are shown in Fig. 6. It is observed that SE decreases
with d; due to path loss. In particular, the SE of TAIS is lower
than the passive RIS when the UE’s indoor distance is small.
In this case, the power of the incidence signal on the TAIS is
large and distorts the signal during the amplification process,
even with optimal power control at the TAIS. Without power
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Fig. 5. Spectral efficiency under different positions of UE with different
transmit power P: M =100, dg =45 m.
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di: M =100, do = 45 m, P = 20 dBm.

control at the TAIS, SE decreases rapidly since the distortion
grows larger and degrades the performance when UE is closer
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Fig. 7. Spectral efficiency under different distance between BS and TAIS
do: M =100, di = 2.5 m, P =20 dBm.

to the TAIS. As observed, when the UE is far from the TAIS
(d = 5 m), the power level of the incidence signal is lower
than the saturation point of the PAs, which exhibits a similar
SE performance regardless of power control.

Fig. 7 plots the spectral efficiency under different outdoor
distance d> to the BS. It is observed that SE is low when the
BS is far from the building (or TAIS) due to the huge path
loss incurred when the mmWave signal propagates through
the outdoor environment. It is also confirmed that the TAIS
and the RIS should be deployed either close to UE or BS
due to the product effect of the outdoor and indoor channels,
as shown in [18]. The proposed TAIS can achieve higher
SE by amplifying the signal with a larger beamforming gain.
In particular, by jointly optimizing the input power and phase
shift at TAIS, 32.6% SE improvement can be achieved when
do = 20 m, compared with the passive RIS system. Another
observation is that when the building (i.e., TAIS) is far from
the BS, e.g., do > 100 m, the power control has a negligible
impact on the SE performance since the power level of the
incidence signal is low, and the PAs of the TAIS have not
been heavily saturated.

Fig. 8 plots the spectral efficiency versus the number of ele-
ments M on the TAIS (or passive RIS). The SE of both TAIS
and RIS improves as the number of elements M increases. It is
because a larger channel gain can be achieved with an optimal
phase shift matrix applied at either TAIS or passive RIS, which
is proportional to the number of elements M. In addition
to larger channel gain, the TAIS achieves higher SE due to
the signal amplification. We also observe that the SE of the
TAIS degrades when power control at UE is not adopted. The
distortion increases and degrades the SE performance when
the power control is not considered.

Fig. 9 plots the power consumption versus the number
of elements at the proposed TAIS system and passive RIS.
It is observed that both the power consumption of TAIS and
passive RIS increases with the number of elements, since more
energy is consumed by a larger number of phase shifters. TAIS
enhances indoor-to-outdoor communications by refracting and
amplifying the incident signal, which is bound to increase total
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power consumption. As observed in Fig. 10, TAIS has a higher
energy efficiency, although the amplification process consumes
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more power. It is because TAIS can drastically increase the
SE and utilize the energy more efficiently. On the other
hand, TAIS is powered by the regular power supply (mains),
which offloads the energy consumption from UE to the
mains-powered TAIS and boosts the SE without challenging
the battery of UE. TAIS can be in sleep mode to save energy
when there is no transmission request from the UE. In this
sense, the proposed TAIS could provide an energy-efficient
approach to enhance indoor-to-outdoor communications. It is
also observed in Fig. 10 that energy efficiency values start
to decline after some points. This is because the increase in
power consumption brought by more PAs is much larger than
their contribution to the increase of achievable rates.

B. Asymptotic Analysis Verification

In this section, we verify the asymptotic analysis of spectral
efficiency under both sparse channel and Rayleigh channel
models that are previously presented in Section V.

1) Asymptotic Analysis Under Sparse Channel: Fig. 11
plots the spectral efficiency for the case with a finite element
number M = 200 and the input power P goes to 0 and
infinity, as studied in Theorem 2. The simulated curves of
the asymptotic analysis, low SNR approximation, high SNR
approximation, and linear approximation are obtained based
on (53), (46), (45) and (54), respectively. The Monte Carlo
simulated curve is obtained based on (23) by averaging the
results over 2,000 random channel realizations. Our asymptotic
analysis for large element M is in strong agreement with
the exact Monte Carlo simulation. The tight match of low,
high SNR, and linear PA approximation with the exact Monte
Carlo simulation is also observed in their specified transmit
power region. As mentioned in Theorem 2, the increase of
transmit power cannot always lead to a higher SE due to the
PA’s nonlinearity amplification. Specifically, when the transmit
power goes to infinity and PAs are heavily saturated, the SE
is determined by the characteristics of the PAs, regardless of
the increase of input power, which verifies Theorem 2.

Fig. 12 plots the spectral efficiency for the case that the
number of elements M — oo, when the transmit power is
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P = —40 dBm (low SNR region). The simulated curves of
the low SNR asymptotic analysis, and Monte Carlo simulated
curves are obtained based on (46) and (23), respectively.
As observed, our approximate analysis has a strong agreement
with the exact Monte Carlo simulations, which verifies the
power scaling law with infinitely large elements. As suggested
in Section V-B.1, the SE increases with the number of receiv-
ing antennas N at BS.

2) Asymptotic Analysis Under Rayleigh Channel: Fig. 13
plots the spectral efficiency for the case that the finite element
number M = 200 and the input power goes to 0 and infinity
in Theorem 2. The number of antennas at BS N = 10, and
Rayleigh channel model is assumed with g, = 0.18 and
04 = 0.18. The simulated curves of the asymptotic analysis,
low SNR approximation, high SNR approximation, and linear
approximation are obtained based on (59), (63), (62) and (61),
respectively. The Monte Carlo simulated curve is obtained
based on (23) by averaging the results over 2,000 random
channel realizations. Our asymptotic analysis for large element
M strongly agrees with the exact Monte Carlo simulation.
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The asymptotic analysis under low, high SNR, and linear
PA approximation can also depict the performance behavior.
As suggested in Section V-B.2, the SE increases with the input
power until a saturation point, where the linear power gain
7, dominates the performance. However, as the increase of
input power, the gap between the linear power gain 7, and
the nonlinear power gain 7, is asymptotically fixed, as shown
in Fig. 3. The SE degrades significantly due to the nonlinear
distortion and no longer grows with the input power.

Fig. 14 plots the spectral efficiency for the case with the
number of elements M — oo. The simulated curves based
on asymptotic analysis, low SNR approximation, high SNR
approximation, and Monte Carlo simulated curves are obtained
based on (59), (63), (62) and (23), respectively. As observed,
our approximate analysis has a strong agreement with the exact
Monte Carlo simulations, which verifies the power scaling law
with an infinitely large number of elements M. As suggested
in Section V-B.2, the SE increases with the number of elements
M at TAIS and input power, when the PAs are not heavily
saturated. The SE is independent of the element number M
when PAs are heavily saturated. Though the SE scales with A
in the low SNR regime, the increase of SE is almost invisible
due to the low transmit power.

VII. CONCLUSION

In this paper, we proposed a novel transparent amplifying
intelligent surface (TAIS) architecture for uplink enhancement
in indoor-to-outdoor mmWave communication. TAIS is an
optically-transparent refractor integrated with the window, and
can adjust the phase shift of an impinging signal, perform
beamforming and amplify the signal, thus enhancing the
network service for indoor UEs. A SE maximization problem
was structured by jointly optimizing the phase shift matrix of
the TAIS and the transmit power of the UE. Considering PAs’
nonlinearity in TAIS, we proved the optimal phase shift matrix
that maximizes the spectral efficiency and deduces its closed-
form representation. Based on the derived optimal phase
shift matrix, the SE maximization can be transferred to the
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transmit power optimization problem. A power optimization
algorithm was established based on the DC programming, with
significantly low complexity. Extensive simulations demon-
strated that our approach can boost the uplink capacity with
efficient energy saving of indoor UEs. In this paper, we neglect
penetration loss for both TAIS and RIS systems. However,
we recognize the significance of progressing beyond idealized
scenarios. Future work should consider more nuanced models
that factor in material losses, deviations from normal inci-
dence, and other real-world complexities.

APPENDIX A
DERIVATION OF LINEAR POWER GAIN

From (9), the amplified signal at the m-th element of TAIS
is given as Uy, = G Um+e€p,. By using the Bussgang theorem,
the average linear amplification gain can be written as

K
_ E{umv* } 1 2k+2
m = e = 7E E Um,
g ]E{|U7n|2} pTYL { ﬁ2k+1 | |

k=0

K
1 2k+2
= — " BB { o}
Pm =3

K
= Borrr(k+ 1)1k,
k=0

(66)

where the first equation is obtained by substituting p,, =
E(|vmm]?) = |hme’™|?P, and the distortion is uncorrelated
with the linear signal, i.e., E {v,,e} = 0.

APPENDIX B
DERIVATION OF NONLINEAR POWER GAIN

We derive the covariance of the nonlinear distortion based
on the Isserlis’ theorem [44]. Define the function (; : C — C,
Cr(w) = |z|?*2. The Isserlis’ theorem can be stated as follows.

Theorem 3 (Isserlis’ Theorem): For a zero-mean normal
random vector, x = [x1,--- ,xx]T, we have

N Z H E{z;z;} N is even,
E{Hl‘n} V Vi;eV
n=1 0

where Vi; = {xz;,x;} is an arbitrary 2-subset of X =
{z1, -+ ,zK}. V collects all possible 2-subset partitions of
the set X.

Assume = ~ CN(0,02) and y ~ CN(0,07). Given any
two natural numbers k and [, k,! € N, and the corresponding
function (x(z) and (;(z) are zero-mean random processes.

(67)
N is odd,

Let p = E{ay*}. Based on Isserlis’ theorem [44], the
cross-correlation between (i (z) and (;(z) is given by
EA{Ck(2)¢ (v)}
min{k,l}
_ Z (k‘+1>'(l+1)' (k)(l>0‘2(k_a)02(l_a)|//f2aM-
Pt a+1 aj\a) * Y

(68)
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By substituting (3) and (10) into (11), the distortion term at
the m-th element on the TAIS is

K
em = Zﬂzkﬂ (Ce(vm) — p, (k + 1)1¢o(vm)).

k=0

(69)

The cross-correlation between the distortion noise at the m-th
and the n-th elements is

[Ce}mn =E {6m6:1}

K K
= Z Z Bok+183141 (E {Gk(vm) ¢ (0n) }

k=1 1=1
— P51+ 1)'E {Ck (vm)C5 (vn) }
P7]::L(k + DIE {Co(vm )¢y (vn) }
+ PP (b + DU+ D) A{Co (0m) G5 () } > :
(70)

By applying (68), the cross-correlation in (70) can be updated
as

K K min{k,l}
(k+ DI+ 1) (& (1
;; ; a—+1 (a)(a)

X Bok+163141 S‘r’: ) (l a)|[ vl | [Cvln
_iii (k+ 1)1+ 1)! (k)(l)
a=1k=a l=a a+1 a a
X 52k+1521+1/7m Pn a)|[ v]mn|2a [Cv]mn
= Yk(pm),
(71)

min{k,l}
> is equiv-
a=1

HMN

K
where the second equality is because Z

K K K

alentto >, > >.

a=1k=al=a

APPENDIX C
PROOF OF THEOREM 1

We prove Theorem 1 by leveraging Lemma 1. Define X
and X' as two positive semi-definite (PSD) matrices with
dimension of R. We denote X’ = X, if X’ — X is a PSD
matrix.

Lemma 1: For the following function

y(X) = log, det (I (X 47! w1X), (72)
if X' = X, we have y(X") > y(X).

Proof: Rearrange the eigenvalues of X and X' in
descending order, A\ > --- > A, and A} > --- > A, respec-
tively. By the condition that X’ = X, for each eigenvalue of
X and X', we have A, > X\, for 7 = 1,--- , R. y(X) can be
equivalently expressed as

wWiA
E:IOP;2 <1+ 5 +1>

(73)
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which is a non-decreasing function of \,.. Therefore, we have
y(X') > y(X), since A\, > N, vr ={1,--- ,R}. O

From (19), we have C, = p@EHGH = pwwi.
We denote W = ®h, which is a vector with constant modulus
entries, i.e., |W|,, = 4/1/M. Since the input power of each
PA is equal to p, we have the matrix of the average linear
gain as G = g (p) I, and the power of the desired signal
after the amplification (as shown in the numerator in the SE
expression (15)) is given by

J— 7H _ _ -
GC,G  =7,(p)p ®hh"O" =7 (p)pww",

where 7,(p) £ |7 (p)|*, as (24). The covariance matrix of the
distortion in (12) is updated as

K K
o= Z [:Cy 0 |Gy T = > Jn(p)*p*Cy
=1 k=1

5. (p)pwt.

(74)

(75)

It is observed that the desired signal and distortion have the
same spatial directivity.

By substituting the wy and wy in (72) with 7, (p) p/Ny and
7. (p) p/No, respectively, the SE in (15) can be written as
SE = y(FC,F), where the function y(-) is defined in
Lemma 1. pﬁH b FCVFH holds for any C,, = p@hhHG)H,
when the power constraint ¢r(Cy) < p is met. Based on
Lemma 1, we have y(pﬁH) > y(FC,F™). It concludes that
the maximum spectral efficiency is SE = y(,oﬁH), where
the equality is achieved if ®h = agas (Y3t , 5 ).

APPENDIX D
PROOF OF COROLLARY 1

We prove Corollary 1 by leveraging Lemma 2 as follows.
Define a positive semi-definite matrix X in R dimension, and
a complex-value vector a € CE, which satisfies alla = 1.

Lemma 2: With y(X) defined in Lemma 1, for the function

wiallXa
z(X,a) = log, <1 + aiXa t 1)
y(X) > z(X,a) always holds, where the equality holds if
and only if X is a rank-one matrix and a corresponds to the
eigenvector of X with a non-zero eigenvalue.

Proof: Rearrange the eigenvalues of X in descending
order, A\ > --- > \.. As )\; is the maximum eigenvalues of
X, we have afXa < max, aXa = )\, where the equality
holds when a matches the eigenvector of X corresponding to
maximum eigenvalues of X. Since log, (1 + w‘:i;\h) in (73)
is a non-decreasing function of )., the equation (76) satisfies

wl>\1
)\1+1
wW1Ar
<Zlog2 1+ —— oo+ 1

= y(X),

where the equality is obtained by (73). When X is a rank-one
matrix, A\, = 0, 7 > 1, which guarantees the second inequality

(76)

Z(Xva) < 10g2 (1 +

(77)
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in (77). When a is the eigenvector corresponding to the only
non-zero eigenvalue of X, the first inequality in (77) holds,
which completes the proof. (]

By substituting wy = F,(p)p/No and ws =
5. (p)p/No in (76), and X = pFF , we have SE =

y(pﬁH), where the function y(-) is defined in Lemma 1.
Given aya, = aps(VE2,., ¢, ! as the vector corresponding

to the maximum eigenvalues of pFF , we have
PFF o)) <y(pFF ) =SB, (8)

where the left-hand side of (78) establishes the lower bound
of the maximum spectral efficiency as given in (36).
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