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Abstract: Dual carrier modulation (DCM) using orthogonal frequency-division multiplexing (OFDM) improves the
performance in multipath fading channels. In the literature DCM is proposed with 16-quadrature amplitude modulation
(16QAM) for ultra-wideband (UWB) communication, with four bits per symbol to keep reliable high date transmission
over longer distances. Body area network (BAN) standards address transmission reliability more than data rate. UWB
is one of the physical layers proposed in BAN standards. In this study, DCM is used with quadrature phase shift
keying (QPSK) instead of 16QQAM to have better performance in reliable transmission. The performance of QPSK-DCM
is analyzed and compared with 16QAM-DCM, QPSK-OFDM, and 16QAM-OFDM in a wireless body area network
channel. These simulation results are given as bit error rate (BER) versus signal to noise ratio per bit (Ey/No) graphs.
Additionally, derivations of theoretical BER — Ey/No performances of QPSK-OFDM and 16QAM-DCM in an additive

white Gaussian noise (AWGN) channel are given.

Key words: Dual carrier modulation, wireless body area network channel, orthogonal frequency-division multiplexing

1. Introduction

Ultra-wideband (UWB) is an eligible communication type for low energy consumption and high bandwidth in
short range. The Federal Communications Commission (FCC) and the International Telecommunication Union
(ITU) defined UWB systems whose bandwidth is greater than 500 MHz or 20% of central frequency in the
3.1 GHz to 10.6 GHz frequency band. The spectral mask defined by the FCC for UWB systems is given in
Figure 1. This figure shows emission power limitations based on frequencies for indoor and outdoor mediums.
UWRB signals should be inside the limits and comply to the mask [1, 2].

Due to the high data rate carrier and low energy consumption features of UWB; it is defined in some
communication standards such as ECMA 368, IEEE 802.15.3a, and IEEE 802.15.6. ECMA 368 and IEEE
802.15.3a specify the high data rate in short range communication. Unlike these two standards, IEEE 802.15.6
specifies high quality of service (QoS) because it is a communication standard of a body area network, which
has vital importance [3]. ECMA 368 and IEEE 802.15.3a standards use UWB physical layer (PHY) supporting
high data rates with multiband orthogonal frequency division modulation (MB-OFDM) [4, 5]. IEEE 802.15.6
offers three PHY: narrowband, ultra-wideband, and human body communications PHYs. IEEE 802.15.6 UWB
PHY included impulse radio (IR-UWB) and wideband frequency modulation (FM-UWB). Even though the
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same wireless technology (UWB) is used in both standards, the IEEE 802.15.6 standard focuses on QoS and
reliable data transfer instead of higher data rates [3].

OFDM is a widely used modulation technique because of its immunity to multipath channel effects.
Multiple carriers allow carrying more data and a cyclic prefix or guard interval protects interleaving of data
symbols. In the UWB systems, the frequency bandwidth is divided into fourteen channels. MB-OFDM uses
different channels while sending OFDM packages. Fourteen UWB channels form six channel groups. This is
the main difference between MB-OFDM and OFDM [6].

One of the approaches to increase the range of MB-OFDM systems, dual carrier modulation (DCM), was
presented in [7] for the first time. In DCM, 4 bits are mapped to two different 16-points constellations. These
two symbols are separated by at least 200 MHz in bandwidth. Thus, DCM provides high data rate transmission
for longer distances [7]. DCM in single carrier mode was studied in the IEEE 802.11ad channel and gained
1.5dB compared to non-DCM [8]. Outage and BER analysis in the frequency selective channel of DCM for
multiband OFDM were derived in [9)].

EIRP Emission Level (dBm)

N N . . : : : : Outdoor Limit |
=I5k SRR Soctiii st | e [ndoor Limit

80 NN L L L L L L P
0 1
Frequency (GHz) 10

Part 15 Limit

Figure 1. Spectral mask of UWB [1, 2].

In this study, DCM is performed with QPSK. Bit number per symbol is increased by using QPSK instead
of 16 QAM in DCM. Therefore, throughput performance is thought to be increased in the BAN channel. QPSK
and DCM constellation diagrams are mentioned as mapping diagrams in ECMA-368. The rest of this paper is
organized as follows: in Section 2, the basic system model of the DCM is given. The proposed QPSK-DCM
model is given in Section 3. In Section 4, the WBAN channel models used in this study are given. Simulation
results are presented in Section 5. Theoretical BER and SER performances of QPSK-DCM and 16QAM-DCM

are extracted in Section 6. Finally, Section 7 contains conclusions.

2. Dual carrier modulation
In dual carrier modulation, data are split into 200-bit length groups. These bits are divided into 4 groups with
different orders, which are dependents on Egs. (1) and (2) [4]:

(Ilg(kK)], Ilg(k) + 1], I[g(k) + 50}, I[g(k) + 1 + 50]), (1)
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{2k, k € [0,24]
9tk) = { 2k +50, k € [25,49], @

M= .. : (3)

50x4

where I[ ] is the input data array, g[ | is the function used for assigning the sequence of the bits, and M is
a matrix consisting of I ] and g[ ]. Elements of M in Eq. (3) are modulated using the 16Q AM constellation
maps shown in Figures 2a and 2b.

dolk] do[k+50]

A A
° o (3 o ° ° e (3 o °
0011 0111 1011 1111 0110 1110 0010 1010
° ° 1 e ° ° ° ) °
0010 0110 1010 1110 0100 1100 0000 1000

D ] T 7~ dilk] 3 ] i 3~ dilk+50]

° o [ o ° ° e |1 o °
0001 0101 1001 1101 0111 1111 0011 1011
° o |3 e ° ° e |3 e °
0000 0100 1000 1100 0101 1101 0001 1001

v v

() (b)

Figure 2. Constellation diagrams of DCM (d; is real part of 16QAM symbols and dg is imaginary part of 16QAM
symbols): a) first 50 symbols’ constellation diagram, b) second 50 symbols’ constellation diagram.

Eventually, 200 bits of data transform to 50 symbols twice and 100 symbols are obtained. The 1/ V10
factor is multiplied with the symbols to normalize the amplitude. Figure 3 shows the block diagram of DCM
and the inverse fast Fourier transform (IFFT) part of OFDM [3, 7]. As seen in Figure 3, the first and second
100 bits are divided into 50 bits and 4-bit groups come from first and second 100-bit groups are combined in
the constellations diagrams, and two times 50 symbols are obtained. Then IFFT is applied to perform OFDM.

3. QPSK-DCM for BAN channels
DCM is used in ECMA-368 for a higher data rate. After the regular DCM method [7], 32-QAM DCM was

introduced in [10] to increase the data rate at 600 Mbps. In the body area network communication, transmission
reliability is more important than the data rate. Therefore, the IEEE 802.15.6 standard suggested that the
uncoded data rate can be at most 15.6 Mbps [3]. In this study, DCM is applied to IEEE 802.15.6 channel;
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however, code length is kept short and QPSK is used instead of higher orders of QAM types. The aim is to
keep the reliability of transmission high while using OFDM and DCM. By proposing the QPSK-DCM, distances
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Figure 3. Block diagram of DCM system.

between symbols are increased compared to regular 16QAM-DCM.
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Figure 4. Constellation diagrams of QPKS-DCM: a) first 100 symbols’ constellation diagram, b) second 100 symbols’

constellation diagram.

Table 1. QPSK-DCM coding table.

Input bits dlk] | d[k] | d[k + 50] | d[k + 50]
(blg(k)], blg(k)+50]) | Qout | Lout | Qout Tout

00 1 1 -1 -1

01 1 -1 -1 1

10 -1 1 1 -1

11 -1 -1 1 1

The QPSK constellations are shown in Figure 4 as well as in Table 1. Bits are grouped as 200 bits in
16QAM-DCM. Egs. (1)-(3) are transformed to Egs. (4)—(6) to adapt the QPSK-DCM modulation:

(Tlg(k)], Ig(k) + 50)), (4)
=" k € [0,49] )
W= k+50, k€ [50,99],
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I0]  I[50]
1] I[51]
M= , (6)
I1[148]  I[198]
I[149]  I]199]

10022

where I[ ] is the input data array, g[ | is the function used for assigning the sequence of the bits, and M is
a matrix consisting of I[ | and g[ ]. Elements of M in Eq. (6) are modulated using the QPSK constellation
maps shown in Figure 4. The 1/4/2 factor is multiplied with the symbols to normalize the amplitude.

Eventually, 200 bits of data transform to 100 symbols twice and 200 symbols are obtained. Then IFFT
is applied to perform OFDM. Figure 5 shows the block diagram for QPSK-DCM. Fifty-six pilot symbols are
added to 200 data symbols for completion to 256 to keep the IFFT length 2V and the IFFT is taken.

|————————————————————|
|
| First S/P First
| 100 bits 1:2 4-Point Mapper !H
200 |
Bits H| ! IFFT
groups |
| Second S/P Second |
|| 100 bits 1:2 4-Point Mapper iﬁ

Figure 5. Block diagram of QPSK-DCM system.

4. Channel model
The TEEE 802.15 group published these channel models in 2010 [11]. Among the four BAN channels, channel

model 4 (CM4) is used in the simulations. Sensor transmitters are on-body and a hub is out of the body in the

CM4. The channel model provides the power delay profile as in Eq. (7):

L—-1
h(t) = > a5t — 1), (7)
=0

where a; is path amplitude, ¢; is arrival time, ¢; is phase for path [, and L is the total number of paths. The

¢; phase is modeled as uniformly distributed in the [0, 2] interval. a; is modeled as in Eq. (8):

2 O, l — O
10log|ay| _{ To+10loge=t/T 48, 140, (8)

where S is a log-normal modeled stochastic term with zero mean and og is standard derivation. I' is an
exponential distortion constant and Yy is a Rician factor. Arrival time ¢; is modeled as Poisson distribution
(p(ti|ti—1)) with A\ mean time between arrivals as in Eq. (9). The constant is defined in [7] according to model
types:

p(tilti—1) = Ae~AMlti-1) ©
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Figure 6. Channel power delay profile of CM4: a) amplitude response, b) phase response.

Figures 6a and 6b show amplitude and phase responses of the channel delay profile of CM4, respectively.
This channel model is used in the simulations realized in this study. The angle between the transmitter and
receiver is 0° in the model that is used. An average multipath number is chosen as one hundred for CM4
[11]. The same channel models were studied in [12, 13] to analyze equalizer and OFDM performances in BAN

channels.

5. Simulations on BAN channel

A block diagram of the simulation model is shown in Figure 7. First, random data are created and applied to
the DCM in 200 bits groups. For four DCM data sequences, 800 data symbols and 224 pilot symbols are used.
After the modulation AWGN is added to the signal.

Data TX H[ DCM H OFDM TX ]

PR AN UWB
BER Channel
—_—
N

Data RX [€ De-DCM OFDM RX H Equalizer

Figure 7. Block diagram of the simulation.

Since the BAN channel multipath number is high, higher pilot symbols are required to struggle with
channel distortion effects. Therefore, eight 16QAM-DCM packages or four QPSK-DCM packages are combined
as one package, and package size is kept at 1024 bits and pilot symbols number is kept at 224 bits. By adding
the cyclic prefix (CP), the OFDM transmitter is achieved. In the OFDM receiver, the received signal contains
the destructive transmitted signal, channel effect, and AWGN. A zero forcing equalizer [12, 14] as in Egs. (10)
and (11) is applied in the OFDM receiver to avoid the channel effect. By the pilot symbols, the channel impulse

response is detected and the equalizer is derived from the impulse response:

i = R/p, (11)



KARAN and KAHVECI/Turk J Elec Eng & Comp Sci

where R is the received signal, n is AWGN, H is the estimated channel, and p is the pilot symbol. Here,
the AWGN is neglected. The output of the filter is interpolated by linear interpolation method to estimate the
channel at data subcarriers [12].

Demodulation of DCM is realized by the comparison of the received symbol to two constellation diagrams.
Therefore, the sums of the absolute difference of the received symbol and modulation symbols are calculated as

in Eq. (12), and the smallest one is chosen as the received modulation symbol:

min() | Rpem — Rpew |), (12)
where RDC M is the received DCM signal obtained in the OFDM receiver and Rpc s represents DCM symbols.

Figures 8a and 8b show QPSK-DCM, QPSK-OFDM, 16QAM-DCM, and 16QAM-OFDM performances
in CM4 with a 0° angle between the transmitter and receiver. Among these modulations, QPSK-DCM shows
the best performance in the 100-paths BAN channel. When OFDM symbol quantity is increased to 2048 with
the same pilot symbol ratio, Figures 9a and 9b are obtained from simulations. In both figures, ‘a’ shows the
performance without considering the double symbol in the DCM situation in which the same data symbol is
sent twice, and ‘b’ shows the performance considering the double symbol in DCM. Therefore, there is 3 dB
difference between ‘a’ and ‘b’ in Figures 8 and 9. Since the pilot amount is raised, better performances (about
10 dB difference) are obtained in 16QAM-DCM, QPSK-OFDM, and 16QAM-OFDM. Using more pilot symbols
improves the performance in DCM-OFDM simulation, but it was not sufficient to avoid the error floor. To
reduce the error floor, pilot symbol and cyclic prefix quantities can be increased and different channel coding

techniques such as low-density parity-check (LDPC) can be used.

10°
-
N B e R IE LT Tppers
RN
-1 *\\
o 10 % 10*1
{2(2 N e CE
5 h R T 2
= N R i
43 '~ =1 ~
& 102 e “ 102 TTee
- % - QPSK-DCM = - % . QPSK.DCM e 7
—6— 16QAM-DCM —e— 16QAM-DCM
— % - QPSK-OFDM - % - QPSK-OFDM
4+ - 16QAM-OFDM -+-16QAM-OFDM
10—3 X X X 1073 L L L L L L L L L
10 0 10 20 30 20 .10 5 0 5 10 15 20 25 30 35 40
Ep/Np (dB) Ep/Np (dB)

(a)

(b)

Figure 8. Performance graph of DCM and OFDM modulations in BAN channel (1024 OFDM symbols): a) without
considering double symbol in DCM, b) considering double symbol in DCM.

6. Theoretical error rates calculations in AWGN channel

In this section theoretical bit and symbol error rates for QPSK-DCM and 16QAM-DCM are extracted and

compared with simulations. Extracted formulas and the simulation results coincide with each other.

2532



KARAN and KAHVECI/Turk J Elec Eng & Comp Sci

10°

—_
(=}
o

._
=)
—_
e
w

Bit Error Rate
S
o
Bit Error Rate
S
)

10 3 — % - QPSK-DCM o T == 1073 — % - QPSK-DCM “x T == x
—6— 16QAM-DCM ~ —6— 16QAM-DCM TN
~ % - QPSK-OFDM Tk, ~ % - QPSK-OFDM TTiwem i,
-+ - 16QAM-OFDM — 4+ - 16QAM-OFDM

10

-0 -5 0 5 11(3) leiB 20025 30 35 40 WHgTET—(5 10 15 20 25 30 35 40
b/ O( ) Eb/No(dB)
(a) (b)

Figure 9. Performance graph of DCM and OFDM modulations in BAN channel (2048 OFDM symbols): a) without
considering double symbol in DCM, b) considering double symbol in DCM.

6.1. Error rates calculations for QPSK-DCM in AWGN channel

Symbol and bit error rates of QPSK are erfc(/Es/2No) and 1/2er fe(+/(Ep/No), respectively [15]. Since two
different QPSK constellation diagrams are used in QPSK-DCM for the same bits, BER and SER differ from
regular QPSK. To demodulate QPSK-DCM, two QPSK demodulations are realized and compared to the DCM
diagram. According to the minimum distance between the received symbol and DCM symbols as in Eq. (13),

the received DCM symbol is determined:
min(»_ |DCMgiagram — RXaatal). (13)

DCMgiagram denotes data in Table 2 and RXgq:, refers to data in the output of OFDM demodulation. The
minimum distance of received data to QPSK-DCM data in Table 1 defines the demodulated QPSK-DCM
symbol. The four bits should be processed at the same time. If two QPSK symbols are processed separately,
lower performance rates are obtained.

Figure 10 shows error areas in I and Q phases of a symbol in the QPSK constellation diagram in the

AWGN channel. By obtaining I and Q phases independent from each other, the BER is 1/2erfc(/Ep/Noy)

or 1/2erfc(\/Es/2Ny) and SER is approximately erfc(y/Es/2Ng) in QPSK [15]. To make a theoretical
calculation of QPSK-DCM, all possible situations in Eq. (13) should be extracted. The cases for the I phase are
shown in Table 2. This table shows received cases of a symbol that is modulated with two different constellation
diagrams. Also, it shows which phase is chosen based on the minimum distance. A similar table is available for
the Q phase.

Figures 11a and 11b show the I phase of a QPSK-DCM symbol’s possible error areas under AWGN
channel. Results for cases 0, 1, 4, and 6 in Table 2 are false cases, so they cause error at the receiver and the
other results are true cases. Cases 0 and 4 coincide with the A and D regions in Figure 11. Case 1 coincides

with regions A and E-F, and Case 6 coincides with regions B—C and D in Figure 11.
According to Figure 11, the bit error rate in the I phase in QPSK-DCM is calculated as in Eq. (14):
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»
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Figure 10. Error areas of a symbol in QPSK constellation diagram.

Table 2. Cases of received I phase in QPSK-DCM receiver.

Case | I(k) | I(k+50) | d(I(k)) < Decision | Result | Probability calculation
d(I(k+50))
0 F |F T 1(k) F 1/2er fe(v/(Es/2Ny)).
1/2er fe(y/(Es/2No)).Pr(zo)
1 F | T T 1(k) F 1/2er fe(v/(Es/2Np)).
1/2er fe(y/(Es/2Np)).(1 + Pr(z1))
T |F T I(k) T
T |T T 1(k) T
F F F I(k+50) | F 1/2er fe(+/(Es/2Ny)).
1/2er fe(y/(Bu/2N0) Pr(2h)
5 F T F I(k+50) | T
6 T |F F I(k+50) | F 1/2er fe(v/(Es/2Np)).
1/2er fel/(Bx [2No)) (1 + Pr(20)
7 T T F I(k+50) | T

Pr(BER)gpsk—pon = 1/2er fe(v/Es/2No).1/2er fe(v/Es/2No).Pr(d(I(k)) < d(I(k + 50))

| {d(I(k)) € A&d(I(k + 50)) € D}) +1/2erfe(v/Es/2No).1/2er fe(v/Es/2No).Pr(d(I(k))

> d(I(k+50)) | {d(I(k)) € A&d(I(k + 50)) € D}) + 1/2er fe(v/Es/2No).1/2er fe(v/Es/2Ny).
(Pr(d(I(k)) < d(I(k+50)) | {d(I(k)) € A&d(I(k+50)) € E})) 4+ 1/2erfc(\/Es/2N).
1/2er fe(\/Es/2Ng).(Pr(d(I(k)) < d(I(k+50)) | {d(I(k)) € A&d(I(k+50)) € F}))+1/2erfc(
V'Es/2No).1/2er fe(v/Es/2No).(Pr(d(I(k)) > d(I(k + 50)) | {d(I(k)) € B&d(I(k +50)) € D})) +1/2
erfe(/Es/2No).1/2er fe(v/Es/2No).(Pr(d(I(k)) > d(I(k + 50)) | {d(I(k)) € C&d(I(k + 50)) € D})).
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(k) Q(k+50)

0 I(k+50
Figure 11. Two QPSK constellation diagrams suited to QPSK-DCM: a) for b[g(k)], b) for b[g(k)+50].
The calculation of probability equations in Eq. (14) is given in Eqgs. (15)—(17):
Pr(d(I(k)) < d(I(k+50))|{d(I(k)) € A&d(I(k+ 50)) € D}) + Pr(d(I(k)) >
1
d(I(k+50)) | {d(I(k)) € A&d(I(k+50)) € D}) =1, 15)
(Pr(d(I(k)) < d(I(k+50))|{d(I(k)) € A&d(I(k+ 50)) € F}))
16
—(Pr(d(I(k)) > d(I(k+50)) | {d(I(k)) € C&d(I(k +50)) € D})) =1, (16)
(Pr(d(I(k)) < d(I(k+50))|{d(I(k)) € A&d(I(k +50)) € E})) an
17

+(Pr(d(I(k)) > d(I(k+50)) | d(I(k)) € B&d(I(k+50)) € D)) = 1.

At a result, the bit error rate of a symbol of QPSK-DCM is given in Eq. (18). Since the probability of
sending each symbol is the same, Eqs. (18) and (19) give the BER of QPSK-DCM:

Pr(BER)gpsk—pcou = 1/2er fe(\/Es/2Ny).1/2er fe(\/Es/2No).4 = erfc2(\/Es/2No), (18)

P""(BER)QPSK—DCM = 4.(P’I"(BER)QPSK)2. (19)

The symbol error rate of QPSK-DCM is defined in Eqs. (20) and (21):

Pr(SER)gpsk—pcym =1 — (1 — Pr(BER)gpsk—pc)?

(20)
= 2Pr(BER)qgpsk-pcm — Pr(BER),psic_penrs
Pr(SER)qpsk-poy = 2erfc(\/Es/2Ny) — erfc*(v/Es[2No) = 2erf*(\/Eq/2Ny). (21)

Figure 12a and 12b show the bit and symbol error rates simulation results and obtained theoretical

equations for QPSK-DCM. Also, the QPKS performance result is shown in the same figure. Figure 12a shows
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Figure 12. Theoretical and simulation results for QPSK and QPSK-DCM: a) without considering double symbol in
DCM, b) considering double symbol in DCM.

the performance without considering the double symbol in the DCM situation in which the same data symbol

is sent twice, and Figure 12b shows performance considering the double symbol in DCM. From Figure 12, it is

seen that simulation results and obtained theoretical equations for the bit and symbol error rates are close to

each other.

6.2. Error rates calculations for DCM in AWGN channel
To analyze 16QAM error rates in DCM, 4 dimensions’ calculations are used. Figures 13a and 13b show two
16QAM constellation diagrams used in DCM and Table 3 shows DCM symbols. Figure 13 also shows possible
error areas for the symbol ‘0000’ for both constellations used in DCM as well. Table 4 shows possible received
symbols when the DCM symbol ‘0000’ is sent.

dolK]
A
° ° 3 e °
0011 0111 1011 1111
° ° 1 e °
0010 0110 1010 1110
< > dik]
3 1 ! 3
-1 e o
1001 1101
3 e °
1000 1100

dolk+50]

di[k+50]

Figure 13. Two constellation diagrams of 16QAM used in DCM: a) blg(k)] input array, b) b[g(k)+50] input array.
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Table 3. DCM coding table.

Input bits dk] | dlk] | d[k + 50] | d[k + 50]
(blg(k)], blg(k)+1], blg(k) + 50], blg(k) + 51]) | Lout | Qout | Lout Qout
0000 -3 -3 |1 1
0001 3|1 |1 -3
0010 -3 |1 1 3
0011 -3 |3 1 -1
0100 —1 | -3 | -3 1
0101 —1 |1 |-3 -3
0110 —1 |1 -3 3
0111 -1 |3 -3 -1
1000 1 3 |3 1
1001 EE -3
1010 1 1 3 3
1011 1 |3 -1
1100 3 -3 |1 1
1101 3 |1 |1 -3
1110 3 -1 3
1111 3 |3 -1 -1

When the symbol ‘0000’ is sent, possible received symbols are compared to the original symbol ‘0000’ to
extract the error rate. Therefore, cases 10-11, 13-14, 16-17, and 21-35 in Table 4, which are a total of 20 cases,
are possible error received symbols when ‘0000’ is sent. Among these cases, just two DCM bits are wrong in

cases 10, 11, 21, and 24. The probability of realization of each of these four cases is as follows:

o) ) (-5 o)
o) ) )

Additionally, three DCM bits are wrong in cases 1314, 16-17, 23, and 25-35. The probability of realization of
each of these four cases is:

E, E, E, E, £\ E, !
(1_Q< 10N0>>'Q< 10N0>'Q< 10N0>'Q< 1ON0>:Q< 10N0> _Q< 1ON0>' (23)

Thus, the symbol error rate for symbol ‘0000’ is:

2 3 4
PT(SER>DCMflsymbol = 4Q (\/ 1(?;70) + SQ ( 15];()) - 12Q <\( 1(?]30) . (24)

The same equation is found for other DCM symbols. Each DCM symbol has 10 error areas in two 16QAM

constellation diagrams as in Figure 13. Similar to Table 4, the other symbol’s possible received cases are
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Table 4. Possible received symbols when DCM symbol ‘0000’ is sent.

Case | d[k] | d[k] | d[k + 50] | d[k + 50] | Case | d[k] | d[k] | d[k + 50] | d[k + 50]
Tout | Qout | Lout Qout Tout | Qout | Lout Qout

0 3 |3 |1 1 18 [-1 |3 |1 1

1 3 |3 |1 -1 19 [1 [3 [1 -1

2 3 |3 |1 3 20 |1 |3 |1 3

3 3 |3 [ 1 21 |1 [ 3 |1

4 3 |3 [ -1 2 |1 |3 [ -1

5 3 |3 [ 3 23 |1 [3 [ 3

6 3 |3 |3 24 |1 [3 |3 1

7 3 |3 [3 -1 25 |1 [3 [3 -1

8 3 |3 [3 3 26 |-1 |3 |3 3

9 3 |1 |1 277 |1 [ |1

10 [3 [1 [1 -1 28 |1 |1 |1 -1

1 [3 [1 |1 3 29 |1 [ |1 3

12 [ 3 [1 [ 30 |1 |1 [ 1

13 |3 [1 [ -1 31 |1 [ [ -1

4 |3 [1 [ 3 2 |1 [ [ 3

15 |3 [-1 |3 33 |1 [1 |3

6 |3 |1 |3 -1 34 |1 [ |3 -1

17 |3 |1 |3 3 35 |1 |1 [3 3

extracted. Each symbol has the same possibility of occurrence. Thus, the DCM modulation symbol error rate
is the same as one of the symbol’s SER as in Eq. (24). However, these calculations are made for the DCM
symbol, and the DCM symbol’s energy is twice the 16QAM symbol energy: Fs_pcoy = 2Es. Thus, the final
SER of DCM under an AWGN channel should be as in Eq. (25). Eq. (26) shows the SER of DCM with erfc

function:
2 3 4
Pr(SER)pen = 4Q («/ fﬁ)) +8Q (,/ fﬁ)) 129 (\/ 1%?;()) , (25)
2 3 4
Pr(SER)pcm = 2erfc ( 1?5\‘;()) +derfc <,/ 120?\780> — 6erfc (\/ 120%0> ) (26)

From this equation, the bit error rate is a quarter of the SER:

2 3 4
P’I"(SER)DCJW QES QES QES
Pr(BE ~—————— =0. —1. (2
r(BER)pcm 1 0.5erfc | 4/ 0N +erfel/ 0N Serfe | 4/ T0NG (27)

Theoretical and simulation SER and BER performance results of 16QAM-DCM are shown in Figure 14.

Figure 14a shows the performance without considering the double symbol in the DCM situation, which is

the same data symbol sent twice, and Figure 14b shows the performance considering the double symbol in

DCM. Simulation and the extracted theoretical results are close to each other, as seen in these figures.
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Figure 14. Theoretical and simulation results for 16QAM and 16QAM-DCM: a) without considering double symbol in
DCM, b) considering double symbol in DCM.

7. Conclusion

In this study, QPSK-DCM is analyzed and compared with QPSK-OFDM, 16QAM-OFDM, and 16QAM-DCM
in a wireless body area network channel. The channel performance is more important than data rate in WBAN
channels. Therefore, QPSK-DCM is proposed to be used in 2 bits per symbol instead of 4 bits symbols to improve
the quality of the transmission. The results demonstrate that QPSK-DCM has better error rate performances
compared to QPSK-OFDM, 16QAM-DCM, and 16QAM-OFDM. Also, the same simulation is realized with
higher pilot data and performance increases are seen as pilot quantity increases. Additionally, the theoretical
BER and SER in the AWGN channel are extracted for QPSK-DCM and 16QAM-DCM modulations. Even
though the QPSK-DCM energy per bit to noise power spectral density ratio ( Ej,/Ny) performance seems nearly
equal to QPSK E;, /Ny performance, apparently QPSK-DCM shows better performance among others in the
WBAN channel.
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