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Abstract

This paper derives a novel asymptotic bit error
rate (BER) expression for dual-carrier modulation
(DCM) over Nakagami-m fading channels at high
signal-to-noise ratio (SNR). Through this analysis,
the achievable modulation gain and diversity order
are provided, and the relative SNR gain that
occurs when the channel environments of two
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distantly paired sub-carriers differ is also
evaluated. Numerical results demonstrate that the
derived expressions accurately predict the
asymptotic behavior at high SNR across various
fading scenarios. These findings offer valuable
insights for optimizing DCM implementations in
practical wireless communication environments.
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I. Introduction

Dual-carrier modulation (DCM) scheme was
initially introduced in Ultra-Wideband (UWB)

communication systems to improve spectral

through channel

2]

utilization utilizing  fading

diversity!™ 4. The main feature of DCM lies in
combining two QPSK symbols into two 16-QAM
symbols, which are then transmitted on widely
separated sub-carriers to achieve diversity gain.
Previous papers have analyzed the bit error rate
(BER) of DCM in environments such as Rayleigh
fading or Nakagami-m fading channels'. The
Nakagami-m fading model is  particularly
significant because, by adjusting the parameter m,
it can represent a wide range of fading conditions
—from severe fading (small m) to no fading (large
m)—making it well-suited to modeling real-world
wireless environments'*/.

While earlier works focused on BER assesment,
our paper derives the efficient closed-form
formula of the asymptotic BER for DCM at high
SNR through asymptotic error rate analysis in
Nakagami—m fading channels. Analyzing system
performance at high SNR is crucial as it reveals
the fundamental limits and provides insights into the
asymptotically achievable performance of the
communication scheme!®. Specifically, based on the
derived expression, we are able to obtain the
asymptotically achievable modulation gain and
diversity order as well as the relative SNR gain.

Some numerical results are provided to corroborate
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the the derived

formulas for various combinations of system and

efficiency and accuracy of
channel conditions.
II. System Models

1. Dual-carrier modulation

For dual-carrier modulation, we first need to
convert 200 bits into 100 QPSK symbols. The
divided QPSK signals are then paired into two
groups, resulting in 50 QPSK symbol pairs. At this
point, the paired symbols s, s; are mapped to two
16-QAM symbols x;€ C; z;€C, 21 as described in
Fig. 1, following the method described by the
equation below,
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Fig. 1. Bit-to—symbol mappings for DCM.

To decode the received signal y; y; the DCM

the
likelihood (ML) criterion is applied as below

encoded as described above, maximum

(2)

. 2 2
min, c ¢ . ol = hal® +1y; =z ;]

where #; is Nakagami-m fading channel of 7-th

sub—carrier and additive white Gaussian noise
(AWGN) is considered.

IIl. Performance Analysis

1. Existing BER performance analysis

The BER analysis was performed through the

accumulation of the €, and C, constellations'’,
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all the

combinations are divided into four categories: x4,

and  considering possible  cases,

xp, x¢ and xp. These correspond to d+ j3d,
—3d+jd, —d—j3d ,and 3d—jd,
Then, the tight upper bound of BER can be

formulated as"™

respectively.

P,(E) =1/2P,(E)
<1/2(P

- (3)
xz "xu+ PZA‘”CC j5/1"9611)'

where P 1s the average error probability of

T,
decoding 8 {B,C,D} when A was transmitted.
Then, for wmy, m,, which are the Nakagami—-m
parameters, the average error probability can be

derived as

_ /2 2
PxAHxa - f H
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m, +aL,£/sm )

where a;, = ,7,/2 and (., 1) are given

by (8/5,2/5), (2/5,18/5), (2/5, 8/5)
depending on the symbol distance

and
[3 ]

Furthermore, we can reformulate (2) with a

similar method of previous literature'™ as below,
‘Z‘Aﬁ‘ré
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(5)
where B(-,-) and Fy(-,-, -, 5+, ) are

the beta function'”! and the Appell hypergeometric

function'”, respectively. The equation derived in

this way aligns well with the BER equation from

the previous paper'®!, considering the definition of

beta function'”’.
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2. Asymptotic BER performance analysis

. . Gpem (B>1)
At high SNR, ie., a;,—, the two terms at SNRg,in [dB] = 10log;, oo e=1)
(k=
the end of (5) approach O, and as a result, the 10m, . ' )
= — lo .
value of hypergeometric function becomes 1, my + my &1

which means

IV. Numerical Results
11
B B{m, +my,+ — 59
Ta7Ts ) ar \"ap, \™ In order to wverify the accuracy of the
d my my asymptotic BER formula derived in the previous
B(m1 + my + 1 l) section, we evaluate the BER performance of DCM
2’2 . . .
= — o (6) over Nakagami-m fading channels. Fig. 2 shows
H“ra Hro |’ . _ o
2z o, 2m, the numerical results with m; =m, and 7,= 7,.
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Without loss of generality, we can set the relative

SNR  ration  between y, and 7, as 1081
— o
ky,= 72 7av/277 for some k,p€R . Then, the %
on
&
. —U, . o
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Inem Fig. 2. Average and asymptotic BER performance of
« % DCM for m, = m,€ (1,2,3,4} and 7,= 7,=
1 2 E—
7av 7/aV'
Since the asymptotic error rate at high SNR can "
— —1—d
be expressed as P (E)= [G « 7| “where G
and 4 are the asymptotic modulation gain and
diversity order'® (7) vyields the corresponding .

107 1
achievable modulation gain of Gpey = Ipeag” ™ i |
and  the asymptotic diversity  order  of Ef’ \ \

2 - : g Ly e 3 \ 4
dpeys = my + my. e A,
In addition, it is also possible to formulate the et w1
relative SNR gain for the case of £>1 compared D E ' f ;;*3
b3 1% ] >
to the case where the average SNRs of the two i e !

-15 I

channels are equal (.e., 2=1), after some s 5 10 15 20 25 30

. . . Eb/NO [dB]
straightforward manipulations, as

Fig. 3. Average and asymptotic BER performance of
DCM for various values of m,, m,, and k.

(65)
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As can be seen from the Fig. 2, the asymptotic
in (7)
apparently show the tightness at high SNR for

results from the derived BER formula

various fading scenarios.

In Fig. 3, the exact average BER curves and
asymptotic BER lines, which are obtained from (5)
and (7), respectively, are demonstrated for various
combinations of e, m,, and k. For example, in
the case of m; =m, =1, and k=2, the relative
SNR gain of 1.5051 [dB] from (8) is clearly
observed from the upper zoomed figure. The
the
accuracy of (8) for the case of m; =2, m, =4,
and k=4,
4.0137 [dB].

lower zoomed figure also corroborates

showing the relative SNR gain of

V. Conclusions

In this paper, we have derived a closed-form
asymptotic BER expression for DCM scheme over
Through

numerical results, we have demonstrated that the

Nakagami-m fading channels. some
derived expression accurately fits the asymptotic
behavior. We have also evaluated the achievable
modulation gain, diversity order, and relative SNR
gain for various system and channel parameters,
providing valuable insights for optimizing DCM
wireless

implementations in practical

communication environments. By revealing the
fundamental performance limits and quantifying
potential gains at high SNR, our analysis can
provide essential guidance for designing more
resilient and efficient communication systems that

can better cope with varying fading conditions.
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