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ABSTRACT

A hardware specification of an active reconfigurable
intelligent surface (aRIS), which possesses the capability
to mitigate the adverse multiplicative fading effect in
non-line-of-sight communication systems employing a
reflective antenna, is investigated. By utilizing the link
budget analysis approach, the salient characteristic and
operational insight of an aRIS are outlined and
discussed. For a specific example of an aRIS-assisted
single-user single-input single-output wireless communi-
cation system operating at millimeter-wave frequencies,
For a specific example of an aRIS-assisted single-user
single-input  single-output  wireless communication
system operating at millimeter-wave frequencies, the
required gain, power, linearity, and noise figure of the
aRIS’s active circuit are determined under both normal
and weak path loss conditions. Discussion on
performance trade-off is also given.

Keywords: Reconfigurable Intelligent Surface (RIS),
active RIS, active reflector, NLOS, 5G system

1. INTRODUCTION

Nowadays, the reconfigurable intelligent surface
(RIS) has been recognized as a feasible, inexpensive and
low power means to improve channel capacity and
expand area coverage of state-of-the-art wireless
communications, including  millimeter-wave  5G
network, as well as future 6G networks and beyond [1] —
[6]. This fact has been exemplified by a plethora of

research papers on the RIS over the last few years,
covering both the hardware implementation [7] — [10],
and mostly the analysis of the communication
performance [3] — [6]. The RIS can be categorized into
passive and active RIS types [6]. Recent research works,
however, have focused mainly on the active RIS or
aRIS, because of its ability to mitigate the adverse
multiplicative fading effect associated with any type of
reflective antennas through an introduction of
amplification into the reflected signal [6 — 7], [10].

While majority of published works have focused on
the channel characterization and optimization of aRIS-
assisted communication system performance, most of
the aRIS hardware implementation only demonstrated
circuit techniques without considering the required
performance for any specific communication system
scenario [7] — [10].
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Fig. 1 Typical aRIS-assisted NLOS wireless

communication system.


mailto:apisakw@mut.ac.th

WORAPISHET: HARDWARE REQUIREMENT OF ACTIVE RECONFIGURABLE INTELLIGENT SURFACE 109

To address the lack of hardware specification
requirement for an aRIS implementation in the existing
literature, it is the purpose of this paper to determine, by
virtue of the link budget analysis, the electrical
specification of an aRIS’s active circuit, in terms of
gain, noise figure, output power, and linearity, for given
specifications of transmitter (Tx), receiver (Rx), and
channel distance/characteristic, as well as the number of
aRIS elements. In particular, the scenario under
investigation is a non-line-of-sight (NLOS), single-user
single-input single-output (SU-SISO) 5G
communication system operating at millimeter-wave
frequencies. Moreover, the performance trade-off among
the aRIS’s parameters is also explored.

In addition to outlining the quantitative specification
analysis of the aRIS’s active circuit, this work also
reveals the qualitative insightful characteristics of an
aRIS-assisted system as summarized below.

e The Tx-to-Rx communication performance
mainly relies upon the number of element N and the
total output power of the aRIS.

e The reverse Rx-to-Tx communication is mainly
dependent upon the number of element N.

e  Typically, the noise contribution from an aRIS
is negligible as compared to the receiver’s noise.

e The benefits of a higher N not only relaxes the
gain and linearity requirement in aRIS’s active circuit,
but also results in less power consumption, albeit at the
expense of higher implementation cost and complexity.

2. SIGNAL AND SYSTEM MODELS
2.1SIGNAL MODEL OF aRIS

An active RIS (aRIS) is composed of an array of
active reflectors, which in turn comprises a passive
antenna, a programmable phase shifter and a variable-
gain reflection-type amplifier [6], [11]. A typical signal
model of an N-element aRIS shown in Fig. 1 is given by

y = Px + Wy, (1)

where W = diag(p,e/%,p,e/%, ..., pyel®N) € CVN
denotes the reflection coefficient matrix with p; being
the gain and 6;the phase shift in the i*" element, x € CV
represents the incident wave, and y € CV is the reflected
signal from the aRIS. v = [vy, v,, ..., vy]T denotes the
equivalent input noise vector of the aRIS, modelled as
additive complex multi-variate white Guassian noise
with zero mean and variance o2, v~CN (0, afle).
The phase shifts associated with ¥ in (1) can be
adjusted or reconfigured to form a beam in the reflected
wave, or in other words, to coherently add the reflected
signal from each aRIS element at the receiver. While all

the gains p;’s are typically set identical, it can also be
adjusted to suppress the side-lobe of the reflected beam.

2.2aRIS-ASSISTED SU-SISO SYSTEM MODEL

The performance gain enabled by incorporating the
aRIS to form a NLOS communication link assuming a
single-user single-input single-output (SU-SISO) system
can be investigated via the following link model;

r=flPgs + fHPy 2

where re C denotes the signal received by the user,
g=1[91,92 . gy]" and £=[f,fa .., fy]" represents
the Tx-to-aRIS and aRIS-to-Rx channel vectors, and s is
the total signal from the transmitter propagating directly
to the aRIS. It is noted that, for the downlink case, the
transmitter is the base station (BS) while the receiver is
the user element (UE), and vice versa for the uplink
case.

For the case that each of the element’s gains pj,
vj € {1,...,N}, is identical, we have ¥ = p® where
® = diag(e/,e/%, ..., /). Following this and under
the assumption N — oo, it can be derived that the maxi-
mum SNR (v, ..) at the receiver can be accomplished
under the conditions [6]:

opt __ .
9]. = £fj— 49, Vj €{1,..,N} (3a)
opt PaRrs
§OP (3b)
PRarsN |g;|*+NoZ
- NoZ oF PR Poidls (30)

Vinax = 16 J%Q%P;"élfg+62 Qé PR 5252

where Q; = PLy - Gapys - cos(p,) and of = PLs - Gf -
cos(¢y), with ¢, and ¢, being the incident/reflected
angles with reference to the normal angle of the aRIS,
Gopis = 4mA,,/2° and G = 4mA,-/2* being the
antenna gains of the aRIS and Rx where 4 is the signal
wavelength. 4,, = Ny(1/2)° and A,; = N¢(1/2)* are
the aperture areas of the aRIS and Rx antenna,
respectively. Also, the path loss can be expressed as
PL, = 2*/4nd§ and PL; = A2 /4nd’, where « and B
denote the path loss exponents of the Tx-aRIS channel
and the aRIS-Rx channel, respectively. Note that « and
B typically range from 2 to 4. Also note that the factor

n?/16 arises from the statistically independent
characteristics with the Rayleigh distribution between
Tx-to-aRIS the aRIS-to-Rx paths [3].
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2.30PERATIONAL INSIGHTS AND REMARKS

Some important operational insight and remarks
related to the signal and system models of the aRIS-
assisted system can be deduced from the SNR equation
in (3c) as follows.

First, unlike its passive counterpart where SNR o«
N2, the aRIS’s output SNR is proportional to the
number of N [6]. This is mainly due to the effect of the
amplifier’s noise in the aRIS. Specifically, while the
incident wave upon the active surface is collected,
amplified and beamed via the controlled phase shift into
the desired direction, yielding a gain of pN?, the noise is
increased by a factor of pN. Such a proportional
relationship o N stems from the fact that noise is
random and thus transparent to the phase shift. Thus,
unlike the incident signal, the noise is not beamed
directly to the receiver. Even though SNR o« N in the
aRIS, its absolute SNR value is still higher than its
passive version. This is attributed to the signal
amplification associated with the aRIS, which can
significantly increase the received signal strength. As a
consequence, the impact of the receiver’s noise is
negligible.

Secondly, under a typical downlink condition where

P;’}C“"Qf, > P;’};‘,‘g‘g}, (3c) can be approximated as

SNR ~ NPjiiin?0%/1602, implying that the Tx-to-Rx
commu-nication mainly relies upon the number of
element N and power PJx75 of the aRIS. One the other
hand, under a typical uplink condition where P30} »
PRy 0%, (3c) can be expressed as SNR ~ NPy m?0%/
1602. This indicates that the reverse Rx-to-Tx
communication is mainly dependent upon N and o2 of
the aRIS.

Another important observation is that the up/down
link performance can be both enhanced by employing
more number of elements N. An additional benefit as
indictaed by (3b) is a reduction in the gain requirement
in the aRIS by increasing N, yielding less demand on its
hardware complexity and total power consumption. All
the remarks summarized above serve as a useful
guideline when designing the up/down link budget of an
aRIS-assisted communication system.

3. aRIS-ASSISTED SYSTEM: A CASE STUDY
3.1COMMUNICATION SYSTEM SETUP

In this work, we consider a specific case example of
an aRIS-assisted NLOS SU-SISO 5G communication
system between a 5G base station (BS) (as a Tx) and one
single user element (UE) (as an Rx) operating at 28
GHz. It is assumed that the direct link is negligible
because of a severe obstruction. For the BS-aRIS

channel, a fixed free space path loss exponent for a
direct link at g = 2.0 is assumed, whereas two different
aRIS-UE path loss exponents f = 2.0 and 2.8 were
investigated, representing communication channels with
a normal-link condition and a weak-link condition (in a
more dense environment), respectively. The uplink and
downlink modems are of quadrature-amplitude-
modulation 16-QAM and 256-QAM types, vyielding the
SNR requirement at 23 and 33 dB, respectively.

The Tx-aRIS distance is fixed at 50 m, whereas the
aRIS-to-Rx set at 5 m. The transmitting EIRP of the BS
is assumed at 55 dBm, with a raw output power at 1 W
and a Tx antenna directivity at 25 dBi. A noise factor
(NF) of the BS’s receiver is assumed at NFgg = 1 dB.
For the portable UE, a typical output power at -20 dBm,
a gain at 10 dBi and a noise factor at NF,, = 3 dB are
assumed. The inclination angles between the Tx-aRIS
and aRIS-UE are set at P, =9, = 45° as a worse-case

scenario.
For the aRIS, the number of elements is set at N =
128 and the dimension of each element at 6 mm x 6 mm
for a 28-GHz operating frequency. Since the link budget
is somewhat insensitive to the aRIS’s noise factor,
NF,g;s =12 can be tolerated. Note that, in our
calculation, it is approximated for simplicity that the
gain and directivity in each of the employed antennas
are identical.
AND

3.2LINK BUDGET HARDWARE

SPECIFICATION

Having set up all the parameters, we are now ready

to determine the specification of the aRIS, including the
aRIS’s total output power PJxte and the optimum power
gain Gugs in each of the active element, so as to meet
the uplink/downlink SNR requirement under the
specified communication system in Section 3.1. The
aRIS’s antenna element is assumed to be a 28-GHz
microstrip patch type with a 4.46-dBi gain (including a
1.5-dB loss) and 6.0 mm X 6.0 mm dimensions.
With the use of (3) and the MATLAB software [11] for
numerical computation, the plot of SNRy; and G.g;s
versus P7E3E at the normal downlink condition g = 2.0
can be shown in Fig. 2(a). Based on the downlink SNR
requirement of 33 dB with a 3-dB margin, the plots
indicate the optimum gain and output power of the aRIS
at G2P = 10.4 dB and P7X%% = 0.65 mW. Also indicated
in Fig. 2(a) is the plot of SNRgs and Gg,s versus PJEE
at B = 2.0 the corresponding uplink condition. At the
optimum gain G°P'. = 10.4 dB, the uplink SNR at 31 dB
is obtained, meeting the 23-dB requirement with >8-dB
margin.
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Fig. 2 aRIS performance requirement for (a) normal
aRIS-to-UE link and (b) weak UE-to- aRIS link.

Before proceeding to the case of a weak-link
condition, it is instructive to investigate the power levels
along the up/down links via the conventional level
diagram as illustrated in Fig. 3(a) and 3(b) (on the next

page). As evident from the diagrams, at G2Ffs = 10.5 dB,

SNR,, = 33 dB and SNR,, = 37.9 dB are obtained.
These values are higher than those in the plots of Fig. 3
based on (3c) by about 2.0 dB. This is primarily due to
the factor 2 /16 in the equation (3c), which is attributed
to the Rayleigh distribution between two statistically
independent Tx-to-aRIS and aRIS-to-Rx paths in the
formulation as mentioned in Section 2.2. Also notice
that the amplification of the noise o, associated with the
aRIS is less than that of the incoming Tx signal by a
factor of N = 128 (~10 dB), because its random ampli-
tude and phase are transparent to the beamforming
process by virtue of phase-shifting as explained in
Section 2.3. Another important observation from both
the up/down link’s level diagrams is a negligible impact
of the noise o2 associated with the aRIS as compared to
the associated noise o of the corresponding receiver,
because of a high free-space-loss attenuation of the
aRIS-to-Rx path. However, with a continued increase of

s, and subsequently the aRIS gain (as the incoming
signal power is constant), the impact of ¢ will become
higher and eventually comparable to o7 at the receiver,
yielding a maximum achievable SNR at the receiver
equal to the aRIS’s output SNR, independent on the
aRIS’s output power.

Let us now turn to the weak-link condition, i.e., § =
2.8. Similarly, with the use of (3b) and (3c), the plot of
SNRyg and Gg;s Versus PR3 can be given in Fig. 2(b).
Under such a condition, based on the downlink SNR
requirement, the plot suggests higher optimum gain and
output power requirement of the aRIS at G2br = 24.9
dB and PZ7¥ = 1.8 mW, respectively. For the uplink
case at the optimum gain G°P'c = 24.9 dB, the uplink
SNR at 31 dB is obtained, meeting the 23-dB
requirement with almost 8-dB margin. Also indicated in
the plots of Fig. 2(b) is the flattening of the uplink SNR
as PTR3% and hence G2PYo continued to increase, yielding
a higher impact from the aRIS’s noise, ¢;2, as discussed
earlier. The effect is more evident than that of Fig. 2(a)
since the required aRIS’s output power and gain are
much higher in such a weak-link condition.
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Fig. 3 Level diagrams illustrating signal power at each point along the aRIS-assisted communication system (a)
downlink case (b) uplink case, both at normal link condition.
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Table 1. aRIS Specifications at NF = 12 dB.

Size/Electrical | N =128 N =128 N =256

Parameters B=20 =28 =28

Optimum 10.4 dB 24.9dB 18.7dB
Gain

Output 1-dB -16.9 -12.5dBm | -18.5 dBm
Compression dBm

Total Power 0.65W 1.80 W 0.90 W
Consumption”

* Real value may vary significantly depending on practical
implementation.

Based on the plots of Fig. 2 and 3, the resulting
specification of the aRIS that meets the communication
system performance under the assigned parameters and
link conditions can be summarized in Table 1. It is
noted that the output 1-dB compression point in each
active element was calculated by a margin of 6-dB from
the required PJR7¥, whereas the total dc power
requirement was calculated from the equation PJrE /n
by assuming an implementation efficiency n at 0.1%.
Finally, the reflection’s phase shift associated with each
element are determined according to (3a). Note that, in
practice, the resolution of the phase shifts in each
element can be quantized to only 3 bits while still
achieving a good performance [12].

Let us explore the design trade-off by doubling the
number of elements to N = 256, and hence the size of
the aRIS. Based upon (3b) and (3c), we obtain Gobr, =
18.7 dB and P, 4p;s = 0.9 mW in order to meet the
communi-cation performance at the weak-link
condition. These values are about half of those obtained
at N= 128, indicating reduction in both the gain
requirement and power consumption by enlarging the
aRIS size, albeit at the expense of more hardware
complexity. This performance trade-off may be useful
in some practical implementation, particularly when an
achievable gain and a total power consumption in the
employed active circuit are major constraints.

4. CONCLUSION

This work has investigated a hardware requirement
of an active reconfigurable intelligent surface by virtue
of the link budget calculation of an aRIS-assisted NLOS
communication system. Important characteristic and
operation of the aRIS were discussed. Without loss of
generality, a specific SU-SISO NLOS wireless system
operating at 28 GHz was employed to determine the
gain, power and linearity of the aRIS’s active circuit,
under both normal and weak path loss conditions. To
serve as a design guideline, a discussion on performance
trade-off was given, highlighting several benefits of

enlarging the aRIS size. In particular, it has been shown
that a higher number of elements not only yields a lower
gain, lower linearity requirement, but also a power
reduction in the active circuits, at the expense of higher
implementation cost and complexity.
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