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Abstract—We propose a two-way generalized code index mod-
ulation scheme with hexagonal QAM (TW-GCIM-HQAM) over
Nakagami-m fading. The design combines GCIM and physical
layer network coding with energy-efficient HQAM constellations.
Using orthogonal Walsh-Hadamard spreading codes, two users
exchange data via a half-duplex relay in two time slots (instead
of three in conventional two-way DF). Information is carried
by both the HQAM symbols and the indices of the spreading
codes on the I/Q branches. We compare the scheme with two-way
decode and forward at matched rates and evaluate the average bit
error rate via Monte Carlo simulations on Nakagami-m channels
for several HQAM constellations. Results show competitive or
improved error performance, together with better energy use
and time slot efficiency.

Index Terms—Hexagonal QAM, Energy-efficiency, Two-way
communication systems, code index modulation, Nakagami-m
fading channels

I. INTRODUCTION

Global data demand is surging, driven by online gaming,
cloud services, high quality audio and video streaming, low
power devices, and the need for connectivity anywhere and
anytime. Internet users grew from about 3.9 billion in 2018 to
5.3 billion in 2023, nearly two thirds of the world. Therefore,
developing communication systems with high data rate, energy
efficiency, and spectral efficiency has become imperative [1]-
[3].

Research on energy-efficient communications is acceler-
ating, alongside studies on data rate, latency, and overall
efficiency driven by economic, operational, and environmental
pressures. In the near future, smart vehicles, drones, medical
and wearable devices, sensors, and other IoT endpoints will
connect over cellular networks, demanding major capacity
growth. Such traffic increases are sustainable only if cellular
systems become more organized and both spectrally and
energy efficient [4], [5].

Over the last decade, interest in index modulation (IM) has
surged. IM encodes information in the indices of resources
such as antennas, subcarriers, carriers, time slots, space-
time patterns, antenna activation order, modulation type, and
spreading codes, so extra bits are conveyed with little or
no additional energy. This improves spectral efficiency and
reduces hardware cost [6]-[8].
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This study uses code-index modulation over spread spec-
trum (CIM-SS), a competitive and increasingly popular IM
variant. CIM-SS builds on direct-sequence spread spectrum
(DS-SS): symbols are multiplied by spreading codes to im-
prove robustness to noise and jamming. Unlike plain DS-SS,
CIM-SS also maps bits to the spreading code indices, embed-
ding extra data in the signal and achieving higher throughput
with the same energy and hardware [1], [2]. Additionally,
GCIM generalizes CIM-SS; see [1] for details.

High-order M-ary constellations are widely used in next-
generation systems. QAM and PSK are popular for their
simplicity, yet they are energy suboptimal. HQAM arranges
points on a honeycomb lattice with 60° neighbors, increasing
the minimum distance for a given average symbol power and
thus improving energy efficiency. Studies show HQAM attains
QAM like BER/SER at medium and high SNR with lower
average power [9]-[13].

Another key pillar of this study is network coding. In
cooperative relaying, spectral efficiency drops because relays
and extra time slots are required. Physical layer network
coding, also called two way (TW) communication, addresses
this with two slots: both users transmit to the relay, the relay
XORs the detected bits and broadcasts the result, and each
user XORs it with its own bits to recover the partner’s data
[14]. This reduces time slots and improves spectral efficiency.

We propose TW-GCIM-HQAM, which combines high rate
and energy efficient GCIM with energy efficient HQAM
and physical layer network coding over Nakagami-m fading
channels. Two users exchange data via a half-duplex relay in
two time slots. We compare the scheme with two way decode
and forward (TW-DF) at equal rate and evaluate average BER
through analysis and Monte Carlo simulations on Nakagami-
m channels for several HQAM constellations. We adopt the
following notation'.

II. HEXAGONAL QAM (HQAM) CONSTELLATIONS

Rising demand for energy-efficient, high-rate transmission
has renewed interest in HQAM. Compared with conventional
QAM and PSK, HQAM lowers peak and average power for a

Notation: The following notation is used throughout this paper. i) Bold
lower/upper case symbols represent vectors/matrices; ii) (- )&, ()T, || || 7,
|-| and E[-] denote Hermitian, transpose, Frobenius norm, Euclidean norm
and expectation operators, respectively, ®(.) and (.) are the real and
imaginary parts of a complex-valued quantity; iii) () denotes the binomial
coefficient.
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Fig. 2. Paverage (average power) comparisons of HQAM and QAM when
M = 8,16,32 and 64 [11].

given minimum distance, and recent processing advances have
eased its detection complexity. As a result, HQAM is being
explored in MIMO, multicarrier, small cell, channel coded,
and optical systems.

Fig. 1 shows representative HQAM constellations, and Fig.
3 gives M = 8 examples illustrating design diversity. Relative
to QAM, HQAM offers higher energy efficiency while main-
taining nearly identical BER and SER at moderate to high
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Fig. 3. HQAM Constellations with M = 8 [10].

SNR, which is attractive for power constrained links. Fig. 2
compares QAM and HQAM via minimum Euclidean distance
(a proxy for energy efficiency); power is expressed in W per
unit squared. See [15] for further details.

III. SYSTEM MODEL

The proposed TW-CIM-HQAM system is shown in Fig.
II. Single-antenna sources S; and S; communicate via a
single-antenna relay R. Each source employs N orthogo-
nal Walsh Hadamard spreading codes of length N.. For
Sy and Ss, the ith codes are w;, = [wj, 1,...,wi; n.]T
and Wi, = [wl‘%l,...,wi%Nc]T, with 41,10 € {1,..
The corresponding codebooks are Wy = [wy,...,wy]| and
Wy = [wy,...,wxn], known to Sy, S, and R, with W1 # W,
so a total of 2N codes are used. In-phase (/) and quadrature
(Q) branches are used at all nodes to increase data rate, and
symbols are HQAM. Overall, the design combines network
coding, CIM, and HQAM.

The protocol uses two-way relaying. Two users exchange
data via a half-duplex relay R in two time slots thanks to
orthogonal spreading; in contrast, conventional TW-DF needs
at least three. In slot 1 (multiple access), S and S5 transmit
simultaneously. Relay R despreads the I/Q) branches with
correlators, applies ML detection, and obtains b and bR
In slot 2 (broadcast), R forms by = b{2 @ b2 , maps it onto
HQAM and the users’ spreading codes, and broadcasts over
1/Q. Each user despreads, detects, and recovers the partner’s
bits by XORing the received string with its own.

Considering Fig. III, the information vectors b; and by are
1 % 1 binary vectors transmitted within the symbol period 7.
At each user, n = log,(M) + 2log, (V) bits are split into
log, (M) symbol bits and 2 log,(N) index bits. The log, (M)
bits select an HQAM symbol, and the 2 log, (V) bits select the
spreading code indices for the 1() components. Thus, log, (M)
bits are carried by the HQAM symbol and 2log,(NN) bits by
the code indices of the I(Q branches.

In slot 1, after carrier recovery, chip-rate sampling, and
digitization, the received I/@Q) vectors at R are:

)

I‘fz = JL‘UW1 h1—|-l‘21W2 hg +n! (1
I'g = leW“th + ZL‘QQW,LZQ ho + IIQ )
where 1 = =z + jr1Q, T2 = w21 + jrog and

x1,T2 € {$1,82,...,8n} are HQAM symbols. h; and ho
are Nakagami-m fading channel coefficients. n ~ C(0, Ny) is
a complex Gaussian random variable vector with zero mean
and variance Ny /2 per dimension. From the rf% and rg signals
received in R, the spreading code indices of the users are
first estimated by takjng correlator outputs and selecting the
max1mum element, since if 7 = j then WTWJ =1landif £
then w w; = 0. Thus, the indices zlble,igI and ZQQ are
estlmated

The Nakagami-m fading channels are modeled as h(t) =
VET B)g.al + 34/ (4. The samples of
h(t)q,r and h(t),r are ii.d. Gaussian with zero mean and

variance o7 = 1/(2m), where m is the Nakagami parameter.
I'(m)]sin(20)|™ !
T2(m/2)2m

—m? Here, I'(m) is the Gamma function.

The envelope and phase PDFs are f(0) = and

_ 2wty

fv) = T(m)
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Fig. 4. System model of the TW-CIM-HQAM scheme.

For m # 1, the phase distribution implied by f(#) is not
uniform. In R the correlator outputs are obtained as follows:

T x26€{s1,52,...,5M }

~I
rR7SI = W{r% = WT (zllwilu h1 + ‘T21W1221 h2 +n1>
_ ﬁ{,...,ﬁ{,(Ecxth+fzfu),ﬁ{+1,...,ﬁfv 3)
— —_———
i i=iig iFinr
f%Sl :WlTr% = WlT (leWzllQ hy +$2QW?2Q ha +11Q>
T
:[ﬁ?,...,ﬁ?,(Eclehl+ﬁ§@),ﬁ?+1,...,ﬁ§3] @)
———
i7ir i=i10 i#i1Q
~I
I'R,S, :W2Tr§{ =W (mllwzluhl +$21W1221 ho -HII)
T
:ﬁ{,...,fLiI,(Ecx21h2+ﬁ{2[),ﬁf+l,...,ﬁ]IV (5)
—_——
iFiar imiag iFiar
f%,SQ :WQTrg = Wg (Ileng hi+ IQQWiQ ho —|—HQ)
T
=8, 1 (Bewagha+nf, )il i8] ©
S
iFiar i#i20

1=12Q
here, E, is in the form of E. = 1/y/N., le\f:cl wil. Also, i}
and ’ﬁzQ are the despreaded noise. The indices %1 I, ng, %2 7 and
inq are the indices of the maximum amplitude elements of
f{%,sl’ f'g,sl’ ff%,SQ, and f'%SQ, and are obtained as follows:

}
}. @)

With the optimum ML detector applied to the %1 1,%1Q,%g I
and i3¢ indexed elements of f'}/’ Sy f‘g S5 f'%, s, and I g .
the symbols Z; and Z5 at R are:

2
},

(f%fsl + jﬁ%,@sl) —Ec(l‘u + jﬂﬁlQ)}h

(503

}, %1Q zargmax{‘f'% s
; :

~I
argmaX{‘I'R S
i )

}, %gQ zargmax{‘f'g 52‘
; :

s ~I
log argmax{‘rR Ss
p ,

2 ...ng

~R . .
#'= argmin (r%fsl + JTR's,

x1€{51,52,...,5Mm }

{

) —FE.x1h

=arg min
x1E€{51,52,...,5M }

)

2

R__ ~ior '~22Q
2 (TR,SQ +ITRS,

arg min
z2€{s1,82,....,5M }

Toi=

)

) —FE.x9ho

2

—arg min (fj;fSZ n ]erg) — Ee(war + jwag)ha| . )

Using the indices (%11,21@%21,52@) and symbols 1, 3o
obtained in R, we recover the bit strings of S; and So.
The “network coding” is then formed by applying the XOR
operation at R as follows:

br=by ®b,. ©)
In time slot 2, at R, as in the transmitters of S; and S5,
the by bit sequence is split into log, (M) and 2log,(NN) sub-
vectors. The log, (M) bits select g = xrr + Trg, and the
2log, () bits select the spreading code for both S; and Sa;
R then transmits them in /@Q)-components. Consequently, with
j € {1,2}, the noisy and faded signal at the j*" user for the
IQ-components, after perfect carrier detection and sampled at
chip rate, is:

r i Wiy, (10)

xRQ(willQ +W122Q)h/j +n@. (11

At each user, as in R, the received signals are passed through
correlators and a max selector on the outputs yields the
spreading code indices as follows:

<N

= xR](W1 +w? )hj—l—nl,

s

r

; ST ST ST\ o1 ST
1j7=arg max [nl, e ,ni,(EC TRI hj—miﬂ),niﬂ, e ,nN”
i N——— i ——
i?éijf i:ijl 7;7é7;j1
2 - ~T - - -
ijQ=arg max {n?, . ,ni,(EC TrqQ h; —i—ngl) ,ng_l, . ,n%“
K3
7i5Q i=ij0 i7#i5Q
(12)

With optimum ML detection on the %j 7 and %jQ indexed
elements of f'JI- and f'?, the user symbols are obtained as:
2

arg min (F;ﬂ —%—jf;”) — E.xzjh;| ».(13)

z;€{s1,52,...,M}

ZL’j:

Using i;7,1;q and & indices and symbols, users obtain
the estimated bit sequence IA)?% with bitwise backmapping. As
a result, each user decides the other user’s information as
follows:

N ~1 ~ ~2
ngbR@bl blsz@bz (14)
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IV. SIMULATION RESULTS AND DISCUSSION

In this section, we present simulation results for the
proposed TW-CIM system with QAM and HQAM over
Nakagami-m fading. Symbols at R, S, and So are detected
by optimum ML, and spreading code indices by correlators.
Average BER is obtained via Monte Carlo. Here, SNR(dB

is SNR(dB) = 101og,((E,/Np), where B, = SN, ( jNi)

is the average symbol energy. The spreading codes are nor-
malized with /N, so that the transmission energy remains
constant.

BER
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Fig. 5. Performance comparisons of the TW-GCIM-HQAM/QAM and TW-
DF systems for m = 1,2, 3 and n = 10 bits.

Fig. 5 compares TW-GCIM-HQAM/QAM with conven-
tional TW-DF for various Nakagami-m values. TW-GCIM
transmits 10 bits per symbol (2 via the modulated symbol and
8 via code indices), whereas TW-DF carries 10 bits solely in
the symbol. For M = 4, HQAM and QAM give similar BER.
At SNR = 15 dB and n = 10, TW-GCIM outperforms TW-
DF by > 25 dB for m = 1, about 30 dB for m = 2, and about
20 dB for m = 3. The advantage is larger at higher SNR.

Fig. 6 compares TW-CIM for M € {8,16} and N = 4 over
Nakagami-m fading. In panels (a) and (b), 3 bits are carried
by the modulated symbol and 8 by the spreading code indices.
Across all cases, TW-CIM-HQAM achieves nearly the same
BER as TW-CIM-QAM while using less energy?.

V. CONCLUSION

In this study, a new energy-efficient and high data-rated
communication technique named TW-GCIM-HQAM is pro-
posed for Nakagami-m channels by combining GCIM tech-
nique, energy-efficient HQAM technique and network coding
structure, which are promising for next generation communi-
cation techniques. The proposed new technique consumes less
energy due to the nature of HQAM and is more advantageous
in terms of symbol seperation at low energies. With computer
simulation results, it has been shown that the proposed TW-
GCIM-HQAM system exhibits similar SNR performances in
Nakagami-m channels compared to same system using QAM,
and also consumes less transmission energy.
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