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ABSTRACT Small reconfigurable intelligent surfaces (RISs) have greater potential for flexibility and
ubiquity compared to large RISs. In the literature, the theoretical average bit error probability (ABEP)
of a phase-adjustable element access-point-based RIS (AP-RIS) is derived by exploiting the central-limit
theorem for large surface size. Hence, the analysis does not hold for small surface sizes. In this paper, we first
formulate a simple closed-form expression for the ABEP of a phase-adjustable element AP-RIS with M -ary
quadrature amplitude modulation (M QAM). Compared to the results available in literature, this expression
is valid even for small RISs. Second, we investigate AP-RIS-aided single-input single-output K-complex
symbol Golden codeword-based modulation, which encodes/transmits K M QAM symbols in each of K
consecutive independently faded time slots. The encoding ensures that each symbol experiences K different
fadings, hence resulting in a K-fold increase in diversity order, while the AP-RIS maximizes the received
signal-to-noise ratio (SNR) in each slot and yields significant SNR gains with increasing size. An increase in
K yields significant SNR gains for small RISs. A theoretical bound on the ABEP is formulated and validated
by simulation. Finally, a detector based on sorted symbol set sphere decoding is devised.

INDEX TERMS Access-point-based reconfigurable intelligent surfaces, intelligent reflecting surfaces,
intelligent phase-adjustable surfaces, single-input single-output Golden codeword-based modulation, small

intelligent surfaces, sorted symbol set sphere decoding.

I. INTRODUCTION

Reconfigurable intelligent surfaces (RISs) [1] modify the
propagation environment to enhance communication sys-
tem objectives, such as reliability, capacity, security, energy
and spectrum efficiency [2]. A traditional RIS is com-
posed of a large number of low-cost and energy-efficient
reflecting elements which are associated with an adjustable
parameter, for instance, amplitude, phase, frequency or
polarisation [2].

A comprehensive survey of RISs was presented in [3],
where contributions were categorized into capacity analyses,
power/spectral efficiency optimisation, channel estimation,
security, energy transfer, terminal implementation and posi-
tioning. Phase-adjustable element RISs [2]-[4] have gained
the most attention due to their passive and low-cost potential
and may be used to improve error performance by maximiz-
ing the received signal-to-noise ratio (SNR).
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Several of the practical challenges of RISs were high-
lighted in [4]. For example, the acquisition of channel state
information (CSI) was identified as a key challenge due to the
cascaded channel scenario. Furthermore, in [5], it was pointed
out that hardware impairments (HWI) represent a stumbling
block to the realization of RIS-aided systems and can be quite
severe in typical RIS systems due to the large surface area
involved.

Meanwhile, due to the attractive distance properties of the
Golden code, which is a full-rate full-diversity space-time
block code, Xu et al. [6] proposed a generalized form of the
Golden code, known as the multiple complex symbol Golden
code (MCSGC). Based on the use of n > 1, n € Z embed-
ding encodings at the transmitter, the MCSGC employs two
transmit antennas to transmit K = 2" complex input symbols
in each of K consecutive time slots. Assuming a Rayleigh
frequency-flat fading channel which changes from one time
slot to the next, since every input symbol experiences K
different fadings, a diversity order of KNy is realized for a
receiver equipped with Np antennas.
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Motivation: Due to their large size, traditional RISs nat-
urally pose several difficulties which will affect deploy-
ment and flexibility. The acquisition of CSI was identified
as a considerable challenge [4]. On this note, by assum-
ing the close coupling of an RIS with a radio-frequency
source, Basar [7] formulated an access point (AP)-based RIS,
which allows for both information transmission and intelli-
gent phase adjustment. Unlike the conventional or non-AP-
based RIS, the AP-RIS only requires CSI corresponding to
the single receive antenna-RIS element link, and yields a sig-
nificant SNR gain over its counterpart. HWI which limits the
real-world potential of RISs was another challenge identified
as possibly severe for large RISs [5]. This motivates that small
AP-RISs will render deployment relatively easy, while being
more accessible/ubiquitous, due to their ease of placement on
small objects like vehicles, furniture and clothing. Further,
small RISs will contribute to low-complexity system design
and fewer HWIs. However, small RISs trade-off gains in error
performance.

In [8], it was demonstrated that the distance properties of
the Golden code could be exploited by the transmission of
a pair of Golden codeword super-symbols, while using only
a single transmit antenna over two consecutive time slots.
Then by the application of component-interleaving between
pairs of super-symbols, additional diversity gain was realized
by the transmission of the interleaved super-symbols over
four consecutive time slots. This motivates that the key idea
of the MCSGC [6] may be extended to a single transmit
antenna system; hence, based on n > 1, n € Z encodings,
K = 2" complex input symbols may be transmitted using
only a single transmit antenna in each of K consecutive
time slots, which will allow significant improvement in error
performance.

Furthermore, with the aim of improving the error per-
formance of small AP-RIS-aided communications which
employ single antennas at the transmitter and receiver,
we are motivated to investigate RIS-aided single-input
single-output (SISO) K-complex symbol Golden codeword
based-modulation (RIS-SISO-K CSGCM).

Contributions: The contributions of this paper are as fol-
lows: a) An accurate simple closed-form expression of the
average bit error probability (ABEP) for an AP-RIS with
M-ary quadrature amplitude modulation (M QAM) that is
valid even for small RISs is formulated. b) We apply the con-
cept of MCSGC encoding to a single-input system and fur-
ther propose an AP-RIS-aided SISO-KCSGCM scheme that
enhances the error performance of the conventional AP-RIS
especially for small RISs. c) A theoretical bound on the
ABEP of the scheme is formulated. d) Finally, sorted symbol
set sphere decoding detection is devised for the proposed
scheme.

Notation: Upper-case bold symbols represent sets or matri-
ces, while lower-case bold symbols represent vectors.
The operators ||, [||lF, ()7 and ()Y represents the
Euclidean norm, Frobenius norm, transpose and Hermitian,
respectively. E{-} is the expectation operator, while D(.),
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Q(-) represents the constellation demodulation function and
Gaussian Q-function, respectively. argsort (§) returns the set
of indices corresponding to the elements of § sorted in ascend-
ing order. (-)! represents factorial and 2N — 1)!! = (2N —
1)(2N —3)---3 - 1 represents the double factorial. j = /—1
is a complex number.

Il. THEORETICAL ABEP FOR AP-RISs WITH MQAM
Assume the transmission of a symbol u, drawn from the set
Q of MQAM symbols with E {|u|2} = 1, by an N-element
AP-RIS to a single receive antenna, then the received signal
assuming a Rayleigh frequency-flat fading channel and the
presence of additive white Gaussian noise (AWGN) at the
receiver, is given as:

N
y= [th’“}u—i—n, (1.1)

i=1

N
= Zaiu—i-n, (1.2)

i=1
where the CN(0, 1) distributed random variable (RV)
hi = ;e with magnitude «; and phase 0; represents the
channel between the receive antenna and the i-th RIS element,
¢;i = —0; is the intelligently adjusted [7] phase set at the

i-th RIS element and 7 is the CA/(0, %) distributed RV
representing AWGN, where y is the average SNR at the
receive antenna.

The central-limit theorem (CLT), which allows the proba-
bility density function (PDF) of z = Zf\;l «; for large N to
follow a Gaussian distribution is assumed in the literature [7],
causing the ABEP analysis to fail for small values of N. How-
ever, in [9], [10], the PDF of the sum of Rayleigh distributed
RVs was given, hence an expression for the ABEP that is
more accurate for small values of N may be formulated as
follows. }

Letgp = %, a= fM—ﬂ;l and o = logﬁ’ then the ABEP
for the AP-RIS with MQAM may be formulated as [11]:

ro=a [ {o(Ver) - a(orr) Jroar. @

where f7 (x) the PDF of Z = z/+/N may be given' as [9], [10]:
2

K2N=1,55

J20) = N =y

3)
with b = 5L [(2N — DUw.

Leta; = and employing the well-known

o
RN N=D)!’ )
approximations Q(\/v) < ﬁeT + ;lteT and Q>(\/v) <
%e“’, (2) may be written as:

) B2 3 g2\ an_1
Pe%al/ (e N - 5ae Prsx )x dx,
0
“

1A more accurate expression for the PDF of Z was given in [10] but
negligible difference was evident in this study.

VOLUME 9, 2021



N. Pillay, H. Xu: RIS-Aided SISO K-CSGCM

IEEE Access

16-QAM 64-QAM
m < < T T T
] \*&*\’s&@gq\ 3\“‘%\ — — sim. » '@Q@ I3 g% \ — — sim.
10 Q‘ (Y O Theory 1 107 £ No\ o Theory 1
% ‘ ¥ Y W |—¢— Theory - CLT Q\ %\ e$ —O— Theory - CLT
\ \ \ \ 9 ¢ Q \
® Yoy v \\
‘{ ‘ Vo § 8 @ § )
102 v\ \? A ‘8 N=24,8, | 102 \ \‘ \ ‘v b‘ \e\ N=24,8,
¥ ¥ \ § 2\1 , 32,64 ’} 8 % ’ ‘Q \ 1632, 64
vy & [ b\o\
Vv I [ S k LA
o \ % [ \4 ¥ - (R | % W b8
a b [ N %, w b voa Ve
10° $ o t% %% \\\ 10° PEoLn v,
[N \ i § \
\ b [ B | \ »
\\ \ \\\ \\° \?\ || |‘ | 1 %&\ Q\ ‘9&&
\ ]
. \\ ? \‘; ‘bb\q M ) || ] ? ‘\‘6 R b
10 10
P Tk BEIE TR
[ . L S RN SRR NS W
poor ool & ® I e
BRRER ERE R
‘ §o 1\ \ \ . 1 L. ® 1 RV
30 20 -10 0 10 20 30 20 -10 0 10 20
SNR (dB)

30 40
SNR (dB)
FIGURE 1. Validation of error performance for AP-RISs (N = 2, 4, 8, 16, 32 and 64) with M = 16 and
M = 64.

bo+1 bo+3
where B11 = 25—, B2 and B3 = —-=

_ 2bp+3
3 b -
Using Equ. (3.326.2) in [12], (4) is finally reduced to:

wherem € [1 : 2”_1],9 = #,é =1—-0,a = 1—+—j9_and
a=1+4j6.
1 _ _ 3
Por saTW)(Br +387" = SapY).
Figure 1 demonstrates the simulation results for an AP-RIS
with M = 16 and 64 for N = 2, 4, 8, 16, 32 and 64. The

theoretical ABEP curves based on (5) and that of the CLT are

The super-symbols u, ¢ from the n-th encoding are then
transmitted over K consecutive time slots by the AP-RIS
Transmitter, which has an adjustable phase qﬁf at the i-th,
i e [1:

also included. The results confirm that the accuracy of (5) is
superior when the CLT method fails for N = 2, 4 and 8.

A Note on the Diversity Order: At high SNRs, (5) may be
approximated as:

N] RIS element and £-th time slot. Assuming
a4
Rayleigh frequency-flat fading channels hf = afe’gi , L e

[1 : K] which change from one time-slot to the next, with

distribution CA/(0, 1); the phase at the i-th RIS element in
the £-th time slot is set as ¢f

—Hf, such that the received
SNR is maximized [7]. Accordingly, the received signal may
be defined as:

2
= CJ;iN’

1 -N 20\ 3
Pewzalr(N)K%) +3(?¢) ——awN} (6.1)

N

it

yZZ[the/(pi]unl—’_ne:qun,£+ng, ¢e[l:K],
(6.2) —r

where c is a constant. ®

by the AP-RIS is N, the number of elements in the RIS. representing AWGN in the £-th time slot with y the average

where zp =
Il RIS-AIDED SISO-KCSGCM received SNR.
A. SYSTEM MODEL

Consider a single antenna N -element AP-RIS transmitter and
a single antenna receiver as depicted in Figure 2.

The ¢-th, £ € [1 : K12 {K =2 n > 1,n € Z} m-
tuple vector by = [b} b5 --- bb] of p = log, M input bits is

As an example of the encoding (refer Figure 2), consider

K =4, then withn =2,k € [1 : 2]and m € [1 : 2], using
(7.1) and (7.2), after the second encoding we have:

{ug,1,u20} = {%(”1,1 + up 30), %(”1,1 + M1,39_)},
mapped to the set 2 of M QAM symbols to yield symbol ug ¢, 9.1
E{lug, ¢|*} = 1. The K symbols are then encoded. The k-th, o o -
k € [1 : n] encoding is given by [6]: {uz3, u24} = {ﬁ(m*z + u1.40), ﬁ(ul’z + u1,40)}.
Mt om1 = % (Wt + Uy py10), (1) ©2)
a _
U om = 7 (uk—1m + Wy pyn10) . (12)

Given the transmission of uy ¢, since the pairs uy ¢, £ €
[1,3] and u; ¢, £ € [2, 4] each carries all the input symbols
uo,¢, L € [1 :

2Note, in this paper we only consider K = 2, 4 and 8.

4] (refer Figure 2), every input symbol

experiences K fading channels over K time slots.
VOLUME 9, 2021
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B. THEORETICAL BOUND ON ABEP
Using vector notation for the received signals, (8) may be
expressed in terms of the transmission of M QAM symbols as:

y = Hu +n, (10)

where y = [y1 y2 --- yx]© is of dimension K x I,
H is a K x K channel matrix, which may be validated as
(11), as shown at the bottom of the page, for K = 2,4 and 8,
u = [uo1 uo2 - uo,K]T is a K x 1 vector of MQAM
symbols and n = [n) 12 - - nx 1T is of dimension K x 1.
Equ. (10) is used in the ensuing analysis and sphere decod-
ing in the next subsection. To simplify the error analysis,
we assume that only a single transmitted M QAM symbol u ;
is detected in error, while the remaining symbols are detected
correctly [6]. The £-th received signal in (10), may then be

defined as:
= Bezeuo +1ne, L e[l:K], (12)

where B, for K = 2, 4 and 8§ is given as:

[B1 B2 -+ Bk]
1
—[x &, ifK =2,
Y
2 2 : _
_ 5[oz oo aa o], if K =4, (13)
v[a @ oa ad? o?a ad? ad? @3,
if K = 8.

Now (12) is equivalent to the transmission of up, over
K identical fading channels, each with transmit power |8, 2.
Hence, the ABEP may be given as [11]:

where ¢ = ﬂlfg > 4 = %, M., (-) is the moment
generating function (MGF) of the instantaneous SNR y, for
. _ 3
the £-th fadlng' channel and g4 = Tswmhete
By employing transformation of RVs and using (3),
the PDF of y, may be determined. Let y, = g(Z;), where

Ve = Z%Nl,b’ﬂz)? from (12) and Zg = z¢/+/N, then using

g ) = & _ , the PDF f,,,(y¢) is

and 3 = 2ZzN|ﬂ 77
glven as:

7
N1Bel?y

N L, 2wa 7

(2bN|ﬂe|2V)N(N - D

v =fz,(8~ (w))’d—(

(15)
Next, determining the MGF of y, [11]:
1 * N-
M) = GoNIB NN = 1 /0 n
X e_<m_s>wdyg
'(N) (16)

T (V= DT = 2bN [Py
The ABEP defined as (14) is then given as:

I'N
N = 1‘[[ (1 = 26N |8*7g9) ™ dg

—aH /0 (1= 2bNIBP7goy Ndg | (17.1)
=1

Finally, using the trapezoidal rule to solve, (17.1) may be
written as:

al'(N)

P =11 1)'{]_[[f(n/2)+n2f( )]

e

n)2 K /4 K
P.~a / ]"[Mw<g¢)d¢—aa / 1"[Mw<g¢>d¢ K ol
° 3
—al1E i+ 2 (—)]} (17.2)
i G+ 520 (G,
(=1
1 0
| ifK =2,
V3| na zab
na?  z1a?0  z1a?0 712?07
1 v a0 &0 %00
| e sl s cuiod | =
5| noa zaald axhd zaabo
Z4Ol2 u@*0  ud*0  uate?
H=— Z]Oé3 21a39 zla39 zla3«92 zla39 zla3«92 ZlOl392 Z1a393 (an
0old patal a’ab a’abdd pa’ad pa’adl pa’ad®  palab’e
neld petald pelald peladd zzalald pelad?  paladld zaad’l
1| mea? 20a%0 2406’0 z40a°0% 2400’0 70@’00 z40a*00 z0a%06% |
- = 2 2= 2= 2 2-5 2-95 2-95 225 HK=8
55 | zsata zsatal  zsatal  zsa 250 zsa“ald  zsatabl  zsatabd  zsatab<o
60@° 760@’0 zea@’0 zea@’00 zea@’0 zea@’0? zea@’0 zea& 06>
zad@® z770@%0 z770@%0 z70@%00 z70a%0 z770a°00 z70@’0°  Z708°060°
L 18&3 23&39_ 13&39_ zga302 13&30_ zga302 zga392 23&39_3
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Example encoding
K=4n=2me[l:2,ie[l:N]

n = log, K ! Super-symbols i
2 1% ! P ,_AL Channel |

_ ! Uop,1
me[l:2" Y, tel: K] ! ’
[ ) [ ] 14 complex uo,3 > u1,1 w hi
. i ' input 2,1 —= "
AP-RIS Transmitter | symbols o 2 uzly — hz :
EEEEEN ' ’ >U1,3 T | P
EEEEEN : 0,4 Tansmitted P e
EEEEEN | g | L
7. ke : 0,1 > o ?m °° i Receiver
3 ug,3 — U1,2 3
V ! , Ups h;
' U2 4 —= 1.4
un,2m—1 i uo,2 >'LL1’4 ’ hl
Un,2m i Uo,4

FIGURE 2. System model of the proposed RIS-aided SISO-K CSGCM mcludlng example encoding for
K=4.

where f(¢) = (1 — 2bN| ,3g|2)7g¢)’N and n = 10 is the Step 3: Sort all symbols in the MQAM constellation set 2

number of partitions employed in the numerical integration. from the most to least probable transmission to yield the
Note, setting K = 1 and 1 = 1 in (17.2) will yield an sorted symbols ug’z, qgell:M]:
alternate result for the theoretical ABEP of an AP-RIS with 1 2 Y, ) ¢
MQAM compared to (5). [g, U, ug o1 = S2(argsort (81, 85, - -+, ),

A Note on the Diversity Order: At high SNRs, (17.1) may (21)

be approximated as:
PP where3§=|w—ug|2,ze [1:K],qe[l:M]andu} € Q.

al'(N) 3- N
~ 2bN d 18.1
: (N_l),||/ (~2bN|BeP7gs) Ndg.  (18.1) -
g SISO-GC [8]
1 1 — T . ¢ _SISO:CI»GC 18
Upper-bounding (18.1) by setting ¢ = 7, we have: - - -Sis020s
—6—SIS0-8CS

- 8 -RIS-SISO-2CS
N #  RIS-SISO-2CS-bound
\ - 8 -RIS-SISO-4CS =
* * RIS-SISO-4CS-bound |-
—a—RIS-SISO-8CS E

*  RIS-SISO-8CS-bound |~
AP-RIS 1

(N 3bN 7 —KN K
Pex 20217:7 _( 1; (M _)/1> [T1B:172". (18.2)
' =1

BER

Itis immediately evident that the diversity order of the RIS-
SISO-KCSGCM scheme is KN and is significantly larger
than the diversity order of the AP-RIS [7] scheme, which may

be determined as N by setting K = 1. SN |
o N\
SN
C. SORTED SYMBOL SET SPHERE DECODING he "%
Based on (10), employing the QR decomposition of H, } 0 o
H = QR, and multiplying both sides of (10) by Q” we have: SNR (dB)
H . T FIGURE 3. Error performance comparison of the proposed schemes for
z=Q"y=Ru+n=[z(1) z2) --- zK)]', (199 M=16andN=24,8and1l6.
where Q is a K x K unitary matrix, R is a K x K Step 4: Detect the K transmitted symbols using sorted
upper-triangular matrix with (i, j)-th entry r(i,j), n = Q”n symbol set sphere decoding.
and zis a K x 1 vector. Based on the radius of sphere decoding The K-th symbol upx is determined by using the
r [13], the decoding is then based on: ||z — Ru||%- <12, hence constraint:
the steps adapted from [6] are given as: 12(K) — r(K, K)Mg,K|2 <2 22.1)

Step 1: Calculate z based on (19).

Step 2: Determine the estimated MQAM symbols iig ¢, where g € [1 : Lland L, 1 < L < M is the most probable
¢ € [1: K] inreverse order: transmitted symbols for a given SNR.?
Let pk (ito,x) = 2(K) — r(K, K)ito.x and pg(x) = z(€) —

- Z2(K)
uo,Kk = D(VK = (K K))’ (20.1) r(e, E)x—ZlK:EH r(¢, Dig i, £ € [1 : K—1], then each of the
’ K . remaining ¢, £ € [1 : K — 1] MQAM symbols are determined
. 2(0) = X imp gy 7€, Ditg,i
uo ¢ = 'D(V@ = ),
r(¢, ¢) 3Note, smaller values of L are chosen for the lower SNRs [6]. The values
Lell:K—1]. (20.2) of L used in the simulations are specified in Section IV.
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TABLE 1. Simulation settings of L for SISO-KCS.

T T
o SISO-GC [8]
6 SISO-CI-GC [8] M| K SISO-KCS
- - -SIs0-2CS 2 SNR= [0:2:16, 18, 20:2:24, 26, 28:2:32, 34:2:38] L=[2. 4, 8, 10, 15, 16]
- - -SIS0-4CS 16 [ 4 R 28,30:2:34] L=[2, 4, 6, 8, 10, 12, 14, 16]
—e—SIS0-8CS 1 8 ,26:2:30] L=[2,4, 6,8, 12, 14, 16]
- = -RIS-SISO-2CS 2
= RIS-SISO-2CS-bound | 64 [ 4
- 8 -RIS-SISO-4CS 3 8 SNR=[0:2:14, 16:2:18, 20:2:22, 24, 26, 28, 30:2:32, 34:2:40] L=[2, 8, 10, 16, 20, 26, 40, 64]
*  RIS-SISO-4CS-bound |-
—a—RIS-SISO-8CS
*  RIS-SISO-8CS-bound | - . .
In Figure 3, the results for M = 16 are presented, while

Figure 4 presents the corresponding results for M = 64. For
- M = 64, the results for the schemes of [8] are evaluated using
9 | the theoretical ABEP (cf. Equs. (15) and (16) in [8]) due to
very long simulation time.

I Forboth M = 16 and M = 64, as expected it is evident that
N the SISO-2CS and -4CS schemes agree well with the schemes

SNR (dB)

FIGURE 4. Error performance comparison of the proposed schemes for

M =64and N =2, 4, 8 and 16.

in reverse order using the constraint:

K
q 2 2 ~ 2
Ipe(ug )I* < 1% — E |piio,i)|”.
i=0+1

IV. NUMERICAL RESULTS

In this section, the numerical results for the SISO-KCSGCM
and RIS-aided SISO-KCSGCM schemes for K = 2,4 and 8
are presented. We denote the non-RIS schemes as SISO-2CS,
-4CS and -8CS and the RIS-aided schemes as RIS-SISO-
2CS, -4CS and -8CS. For error performance comparisons,
the figure-of-merit considered is the bit error rate (BER)
versus average SNR. Comparisons are drawn at a BER of
1075, We consider N = 2, 4, 8 and 16. The values of L
are shown in Tables 1 and 2 (refer to top of Page 7). The
bound on the ABEP given by (17.2) is included. We also
draw comparison with the two schemes presented in [8] for
the SISO setting and the AP-RIS scheme of [7].

of [8], while the SISO-8CS schemes yields a significant SNR
gain. For example, compared to SISO-CI-GC [8], gains of
approximately 4 dB and 5 dB are realized for M 16
and 64, respectively. The RIS-aided schemes yield significant
improvement in error performance over their counterparts.
Consider M = 16. For N = 2, compared to SISO-2CS,
-4CS and -8CS, the corresponding RIS-aided schemes yield
SNR gains of 14.8 dB, 14.4 dB and 12.7 dB, respectively.
For N = 4, the SNR gains are 25 dB, 22.7 dB and 20 dB,
respectively. With N = 8 and N = 16, the corresponding
gains are 32.4 dB, 29.7 dB, 26.2 dB and 39.3 dB, 36.2 dB,
32.4 dB, respectively.

Similar gains are evident for M = 64. In comparison to
AP-RIS, for M = 16 and N = 2, RIS-SISO-2CS yields an
SNR gain of 6.8 dB, while the -4CS and -8CS configurations
yield gains of 9.8 dB and 12.3 dB. For N = 4, the corre-
sponding SNR gains are 3 dB, 4.2 dB and 5.2 dB, respectively.
Employing N = 8§ and N = 16, SNR gains of 1.3 dB, 2 dB,
2.5dBand 0.77dB, 1.1 dB, 1.24 dB, respectively, are yielded.
Similar gains are evident for M = 64. Hence, the largest gains
are evident for small values of N. In all instances, it is shown

(22.2)

SISO-KCS RIS-SISO-KCS N=2 RIS-SISO-KCS N=4 RIS-SISO-KCS N=8 RIS-SISO-KCS N=16
"\\\ \\ .- 2 ) AN f‘\//~ N SN \\ -
A103 ! % et e ,\10 N ,\102 s ,\102 .. ;
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FIGURE 5. Complexity comparison of proposed SISO-KCS and RIS-SISO-KCS schemes for K = 2 (blue), K = 4
(red) and K = 8 (black) with M = 16 (dashed) and M = 64 (solid).
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TABLE 2. Simulation settings of L for RIS-SISO-K CS.

RIS-SISO-KCS

N=2

[6:2:12, 14, 16:2:18, 20:2:22] L=[2, 4, 8, 16] SNR=[-10:2:2, 4, 6:

:2:12] L=[2, 4, 8, 16]

201 L=[2, 4, 12, 14, 16] SNR=[-10:

10:2:12] L=(2, 4, 14, 16]

SNR=[-10: 4.

10] L=[2, 4. 8,10, 16]

{2,
2] L=[2,4,12,16]

1
2:4] L=[2,4,12,16] | SNR=|

SNR=[-4:2:14, 16, 18, 20, 2!

:24,26] L =12, 4, 10, 30, 60, 64]

2:8,10, 12] L =2, 4, 30, 64] SNR: 4] L =2, 38, 60, 64]

SNR=[0:2:8, 10:2:14, 16, 18:2:20, 22, 24, 26] L = [2, 16, 20, 30, 40, 60, 64]

2
4
8
2 SNR=[0:2:16, 18, 20, 22,
)
8

SNR=[-4:2:8, 10, 12:2:14, 16, 18] L = [2, 4, 16, 50, 64]

:8, 10] L =2, 60] SNR=[-16:2; L=[2,50,64]

SNR=[0:2:14, 16, 18, 20, 22, 24] [=[2, 4, 10, 30, 60, 64]

SNR=[-4:2:6, 8, 10:2:14, 16] L=[2, 4, 10, 64]

SNR=[-8:2:4, 6, 8, 10] L=[2, 10, 60, 64] SNR=[-16:2:-2, 0:2:2, 4] L=[2, 30, 64]

TABLE 3. SNR gains for RIS-SISO-4CS and -8CS compared to RIS-SISO-2CS.

- SNR gain compared to ' = 2 (M = 16) | SNR gain compared to K = 2 (M = 64)
KCS@) 2 4 8 16 2 4 8 16
4CS 32dB | 1.4dB | 0.8dB 0.4 dB 2.7dB | 1.5dB | 0.7dB 0.5dB
8CS 55dB | 2.5dB | 1.2dB 0.7dB 5.1dB | 25dB | 1.1dB 0.5dB

that the bounds agree well with the simulation results and its
tightness increases with increasing N.

Finally, we draw comparison between the RIS-SISO-2CS,
-4CS and -8CS schemes. The SNR gains are tabulated
in Table 3 for M = 16 and 64 and it is evident that as N
becomes larger, the gains yielded reduce. Hence, varying K
is most effective for small values of N.

To summarize, the above investigation demonstrates that
the proposed RIS-SISO-KCSGCM scheme represents an
attractive option for improving the error performance of small
RISs, additionally noting that the effect of increasing K is
more effective the smaller the RIS.

Figure 5 shows the computational complexity imposed
during detection from simulation for the SISO-K CS and RIS-
SISO-KCS schemes. Only the primary contribution to the
complexity, i.e. the Euclidean distance (ED) computations in
Step 4 is considered [6]. It is evident that the complexities
imposed by the SISO-KCS and RIS-SISO-KCS schemes do
not differ substantially. In general, as expected, the complex-
ity is highest for K = 8 and lowest for K = 2. At the
low SNRs, the difference between complexities for K = 2,
4 and 8 is largest and can be up to an order of magnitude
larger, while the difference reduces with increasing SNR.
Furthermore, for the RIS schemes, as expected, varying N
has minimal effect on complexity.

V. CONCLUSION AND FUTURE WORK

In this paper, the theoretical ABEP of an AP-RIS with
MQAM for arbitrary surface sizes was formulated and
validated. The evaluated expression agrees well with
simulation results even for small RISs. The proposed
RIS-SISO-K CSGCM showed a superior BER compared to its
non-RIS counterparts. Compared to AP-RIS, and for different
values of K, the scheme was most effective for small RISs.
A theoretical ABEP bound for the scheme was formulated
and validated. Sphere decoding based on a sorted symbol set
was proposed. Possible future work is the application of index
modulation to the proposed RIS-aided scheme.
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