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ABSTRACT The reliability of ultrasonic intra-body communication (IBC) is crucial for medical moni-
toring, diagnosis, and treatment. Recently, ultrasonic splitting receivers that jointly use coherent detection
(CD) and non-coherent energy detection (ED) obtain superior bit-error rate (BER) performance compared
to a single CD or ED receiver for reliable IBCs. However, this paper demonstrates that existing splitting
receivers have performance gains in terms of mutual information and BER in the case of independent chan-
nel noises for CD and ED, while no performance gains exist in the case of correlated channel noises. To
this end, we propose an ultrasonic index modulation-splitting-maximum ratio combination (UsIM-S-MRC)
system. UsIM activates a part of transmission frames whilst S-MRC only processes active frames and treats
inactive frames as zero, reducing the average channel noise in all frames. Therefore, the joint-designed
UsIM-S-MRC effectively mitigates the impact of channel noise correlation on splitting detection. The
theoretical mutual information, BER, and optimal splitting ratio are also derived. Extensive simulations
validate the theoretical analysis and reveal that UsIM-S-MRC can attain performance gain in both inde-
pendent and correlated channel noises, providing a reliable receiver structure for future ultrasonic IBCs.

INDEX TERMS Intra-body communications, ultrasonic communications, ultrasonic index modulation,
splitting detection.

I. INTRODUCTION

SEVERAL revolutionary and promising applications like
online monitoring and control in the human body have

recently emerged for medical treatments. These applications
use implantable devices, such as brain-computer interfaces,
capsule endoscopes, nanorobots, etc. [1], [2], [3], [4], and
require advanced intra-body communication (IBC) technol-
ogy. The candidate techniques for IBCs can be categorized
into radio frequency (RF) communications, optical commu-
nications, molecular communications, capacitive coupling,
and resonant coupling [1]. However, due to the water-like
communication environment and extremely strict safety

constraints in the human body, these techniques are limited
by transmission distance and power. For instance, the RF
wave is severely attenuated in the human body because
the water content of the human body is up to 65%, and
poses potential risks due to the continuous RF radiation
from implants [3]; the transmission distances of optical and
molecular IBCs are restricted to a few millimeters [1], [4].
The ultrasonic wave is regarded as a promising medium

to enable high data rate IBCs at a communication distance
that is greater than tens of centimeters [3], [5]. It is approved
by the FDA that the intensity of the ultrasonic wave is about
720 mW/cm2 in the human body [6], which is much higher
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than that of the RF wave (10 mW/cm2) [7]. In practical
applications, the ultrasonic wave has been applied for diag-
nostic and therapeutic purposes for decades without known
side effects. Despite these advantages, ultrasonic IBCs face
the following challenges. The ubiquitous tissues and organs
can cause reflections and refraction of the transmitted sig-
nals, resulting in severe multipath effects. Furthermore, due
to the fact that organs are vulnerable and battery replacement
in the human body is costly, IBC has strict constraints on
transmission power, implant size, and energy consumption.
Motivated by the fact that medical ultrasonic applications

usually adopt ultrasonic pulses [8], the ultrasonic pulse with
high resolution and low duty cycle provides an effective
solution to the aforementioned challenges [9]. Existing ultra-
sonic pulse-based IBC systems mainly focus on improving
data rates, e.g., time-hopping ultrasonic wideband (TH-
UsWB) [9], direct-sequence UsWB (DS-UsWB) [10], and
ultrasonic index modulation (UsIM) [11]. In addition to data
rate, reception reliability is also critical for medically tar-
geted ultrasonic IBCs. Recently, a splitting receiver has been
extensively investigated for providing better performance
compared with a single coherent detection (CD) or non-
coherent energy detection (ED) receiver [12], [13], [14]. The
fundamental is that the joint use of CD and ED can simulta-
neously detect amplitude and phase, which are detected by
CD, as well as energy, which is detected by ED, and thus
more signal attributes can be employed to achieve reliable
reception [14]. Specifically, the ultrasonic splitting receiver
splits the received signal into two streams, which are pro-
cessed by CD and ED respectively, and then the CD and
ED signals are combined for information decoding for M-ary
pulse position modulation (M-PPM)-based IBCs [14]. The
channel noises in CD and ED are generally ignored [12]
or assumed to be independent [14]. However, when the CD
and ED signals in the ultrasonic splitting receiver are split
from the same received signal, the channel noises in CD and
ED come from the same noise, which means that they are
completely correlated. In this case, it is desirable to address
the question of whether the performance gain still exists
and how to achieve the performance gain under correlated
channel noises.
This paper investigates the impact of channel noise corre-

lation on ultrasonic splitting receivers. In practice, two signal
splitters, namely time switching (TS) and power splitting
(PS), are generally used to split the received signal [15], [16].
TS periodically switches between CD and ED branches, lead-
ing to independent channel noises in CD and ED, whereas
PS splits the received signal into two streams with differ-
ent power levels, resulting in completely correlated channel
noises in CD and ED. We investigate the performance of
splitting receivers in both TS and PS cases. Our results
demonstrate that the existing ultrasonic splitting receiver [14]
has performance gain when using TS, but all power should be
allocated to CD to obtain optimal performance when using
PS. Consequently, although the existing ultrasonic splitting
receiver detects multiple attributes of the received signal,

the optimal detection is the traditional CD when using the
PS splitter.
This paper further investigates how to attain performance

gain for the receiver using the PS splitter. The core idea
is to jointly design the transmitter and receiver to mitigate
the impact of channel noise correlation on splitting detec-
tion. We propose a joint-designed UsIM-splitting-maximum
ratio combination (UsIM-S-MRC) system consisting of a
UsIM transmitter and an S-MRC receiver. The advantages of
the proposed UsIM-S-MRC system come from two aspects.
First, UsIM transmits information bits by ultrasonic pulses
in the active frames and the index of the active frames [11],
[17], [18], and hence uses a part of transmission frames.
Second, to detect the active frames, S-MRC performs a cor-
relation operation on the template signal1 and the received
signal to achieve CD and conducts the square operation on
the estimated active frames to achieve ED. Therefore, bene-
fiting from UsIM and S-MRC, the channel noise component
exists only in the active frames and thus the average channel
noise within all frames can be mitigated.
In a preliminary work, we proposed a splitting detection-

joint simplified MRC (SD-JsMRC) receiver, which uses TS
to achieve independent channel noises for CD and ED [19],
and provided bit-error rate (BER) derivation for the UsIM
system employing only one active frame and binary PPM.
In this paper, we propose a generalized S-MRC receiver in
which the signal can be detected by different signal split-
ters (including TS and PS) and then demodulated by MRC.
Taking practical scenarios into account that the template
signal may not be perfectly synchronized with the received
signal in CD, the performance of the receiver with and with-
out synchronization error is investigated for a generalized
UsIM that has multiple active frames and performs M-PPM.
The contributions of this paper are summarized as follows:

• We investigate the impact of channel noise correlation
on ultrasonic splitting receivers, using two signal split-
ters, including TS and PS, for IBCs. We find that the
existing ultrasonic splitting receiver has no performance
gain when the channel noises in CD and ED are
completely correlated.

• We propose a UsIM-S-MRC system to mitigate the
impact of channel noise correlation on splitting detec-
tion, attaining performance gain for IBC systems in
terms of mutual information and BER in both cases of
independent and correlated channel noises.

• Considering the synchronization error, we derive the
theoretical mutual information, BER, and optimal split-
ting ratio of UsIM-S-MRC using TS and PS over
intra-body fading channels, since the timing synchro-
nization of the template signal and the received signal
in CD is critical to the receiver performance.

Extensive Monte Carlo simulations validate the theoreti-
cal analysis and reveal that UsIM-S-MRC can achieve the

1. The template signal consists of pulses in the estimated active frames
and zeros in inactive frames [11].
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FIGURE 1. System structure of UsIM-S-MRC for ultrasonic IBCs.

lowest BER for UsIM systems with synchronization errors,
providing a robust and superior reception scheme for IBCs.
The remainder of this paper is organized as follows: In

Section II, the UsIM-S-MRC system is proposed for IBCs.
Section III analyzes the channel noise correlation in UsIM-
S-MRC and system performance in terms of BER, optimal
splitting ratio, mutual information, and throughput. The sim-
ulation results are explored in Section IV, and conclusions
are drawn in Section V.
Notation: Upper case boldface letters and lower case bold-

face letters denote matrices and column vectors, respectively.
The probability density function (PDF) and the probabil-
ity of an event are denoted by f (·) and Pr(·), respectively.
C(·, ·) denotes the binomial coefficient. �·� denotes the floor
function. δ(·) and �(·) denote the Dirac delta function and
the gamma function, respectively. I(·, ·) and H(·) denote
the mutual information and the entropy, respectively. E[ · ]
denotes expectation, and Eh[·] denotes the expectation with
respect to h. Q(·) denotes the Gaussian Q-function. I0(·)
denotes the first kind modified Bessel function of order zero.

II. SYSTEM DESIGN OF USIM-S-MRC
The UsIM-S-MRC system contains three main parts: trans-
mitter, channel, and receiver, as shown in Fig. 1. The
transmitter employs UsIM to modulate the information bits
and generates ultrasonic pulses that propagate via the intra-
body channel. The signal is detected by the signal splitter
and demodulated by MRC. Note that due to the fundamen-
tal differences between ultrasonic pulses and RF waves, the
ultrasonic splitting receiver does not require two circuits
for the CD and ED receivers to generate separate CD and
ED signals as independent decision variables and it per-
forms diversity combination of the CD and ED signals in
one circuit.2 The detailed signal processing in each block of
UsIM-S-MRC is illustrated as follows.

A. TRANSMITTED SIGNAL OF USIM
Suppose the transmitted signal is organized by frames. One
transmission block is transmitted by L frames, and one frame
consists of M chips to implement M-PPM to transmit the
modulation bits. To enable both CD and ED in the receiver,
PPM is adopted in the transmitter, and thus we use “PPM
bits” in this paper to specifically represent “modulation bits”.

2. It is demonstrated that the ultrasonic splitting receiver is superior to
the RF-based splitting receivers in terms of lower complexity and lower
BER with imperfect channel estimation [12], [13], [14].

TABLE 1. Summary of frequently used symbols.

FIGURE 2. A waveform example of UsIM with 2-PPM for a bit block “1101”, where
the PPM bits are “11” and the index bits are “01”. The corresponding chip index and
frame index are respectively c4 and �2 in Tab. 2.

TABLE 2. Example of indices and information bits mapping of UsIM for p1 = 2,
p2 = 2, L = 4, M = 2, and K = 2.

The duration of one block, one frame, and one chip are Ts,
Tf , and Tc, respectively. Therefore, we have Ts = LTf and
Tf = MTc. UsIM uses the index of the active frames to carry
additional information bits. The information bits are divided
into blocks with p bits, including p1 PPM bits and p2 index
bits. Hence, we have p = p1 + p2.

Assuming that K of L frames are activated to transmit
PPM bits, there are C(L,K) indices of active frame com-
bination to convey p2 index bits, and p2 = ⌊

log2 C(L,K)
⌋
.

The p1 PPM bits are transmitted by K ultrasonic pulses
and p1 = K log2 M. The frequently used symbols are listed
in Tab. 1, where �i

j = 0, . . . ,L− 1, cil = 0, . . . ,M − 1,
j = 1, . . . , 2p2 , l = 1, . . . ,MK , and i = 1, . . . ,K. Take
p1 = 2, p2 = 2, L = 4, M = 2, and K = 2 as an example,
the information bits mapping is shown in Tab. 2. Moreover,
a transmission waveform example of UsIM for a bit block
“1101” is depicted in Fig. 2, which corresponds to c4 and
�2 in Tab. 2.
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FIGURE 3. Structures of (a) TS and (b) PS.

The output of UsIM is a 1 ×ML vector and expressed as

x = [x0,0, . . . , x0,M−1, . . . , xL−1,0, . . . , xL−1,M−1
]
, (1)

where the element xk,m ∈ {0, 1}, k = 0, 1, . . . ,L − 1 and
m = 0, 1, . . . ,M − 1. Suppose the index bits are conveyed
by �j and the PPM bits are conveyed by cl. The vector of
UsIM can be expressed as x�j,cl , where the active element
x�i

j,c
i
l
= 1, and other inactive elements have values of zeros.

Hence, the transmitted signal waveform is given by

x(t) =
∞∑

k=−∞

K∑

i=1

√
Epp
(
t − kTs − �i

jTf − cilTc
)
, (2)

where p(t) is the transmitted monocycle waveform of one
pulse with normalized energy of

∫∞
−∞ p2(t)dt = 1, the pulse

width3 is Tp, and Ep is the energy of one transmitted pulse.
For brevity, this paper analyzes the first information block,
and other information blocks can be analyzed similarly. We
can rewrite (2) as

x(t) =
K∑

i=1

√
Epp
(
t − �i

jTf − cilTc
)
. (3)

B. SIGNAL SPLITTING
Figure 3 depicts two different signal splitters, including TS
and PS.4 Specifically, TS periodically switches between the
CD and ED branches, whereas PS splits the received signal
into two streams with different power levels. The signal split-
ter first splits the received signal into two streams detected
by CD and ED respectively. Then, the detected CD and ED
signals are combined for demodulation in MRC. It is worth
noting that whether the signal is split in the time domain
with TS or in the power domain with PS, the role of these
power splitters is to split the power of the received signal.
Therefore, to be consistent with the term “power splitter”,
we use “power splitting ratio” for both TS and PS cases in
the sequel.
The received signal y(t) is expressed as

y(t) = hx(t) + n0(t), (4)

where h is the channel coefficient, which is assumed to be
invariant within one frame duration, and n0(t) is zero-mean

3. The relationship between Tc and Tp should be Tc � Tp to avoid
inter-chip-interference and inter-frame-interference caused by the multipath
effect in the human body [10], [11].

4. Note that different from the simultaneous wireless information and
power transfer [15], [16], the split signal streams of CD and ED from
TS/PS in this paper are used for information decoding.

additive white Gaussian noise with power spectral density
N0/2. Since the propagation of ultrasonic waves in tissues
is affected by attenuation and small-scale fading, the chan-
nel coefficient is given by h = Hϑ , where H = √

e−ζd

represents the attenuation coefficient, and d is the transmis-
sion distance [3]. The amplitude attenuation coefficient ζ (in
[np · cm−1]) is a function of the central frequency of a chan-
nel as ζ = af b, where a and b are the attenuation parameters
that characterize the tissue [3]. The parameter ϑ denotes the
fading coefficient of intra-body channels. According to the
experimental results from a kidney phantom, the distribution
of ϑ follows a generalized Nakagami distribution [7], [20],
which is given by

f (ϑ) = 2zααϑ2zα−1

�(α)βα
e−

α
β
ϑ2z

, (5)

where α, β, and z are the shaping, spreading, and general-
ization parameters, respectively.
The signal in the CD branch is multiplied by the template

signal m(t), i.e., [21],

m(t) =
L−1∑

i=0

M−1∑

m=0

√
Epp
(
t − iTf − mTc

)
. (6)

The m(t) means that each chip has an ultrasonic pulse with
energy Ep. Then, the CD signal is given by

yc(t) = √
ρy(t + τe)m(t), (7)

where ρ is the power splitting ratio and τe is the timing
synchronization error in the receiver.5

The ED branch processes the received signal by the square
operation to generate the ED signal, which is given by

ye(t) =
(√

1 − ρy(t + τe)
)2

. (8)

The output of the signal splitter, which combines the CD
and ED signals, is given by

ys(t) = yc(t) + ye(t). (9)

Note that RF-based splitting receivers consider the receiver
noises [12], [13], including the conversion noise due to the
conversion from the RF band to baseband in the CD receiver,
and the rectifier noise due to the conversion of the RF sig-
nal to a direct current (DC) signal in the power detection
receiver. The aforementioned receiver noises do not exist
in ultrasonic splitting receivers, since ultrasonic pulses are
baseband signals.

C. DECISION OF MRC
To demodulate the information bits, the MRC first demaps
the index bits, i.e., the inverse operation of the mapping
process from index bits to frame index. Then, the PPM bits

5. A promising system structure for intra-body networks consists of
multiple implanted devices and a central coordinator/sink that can perform
time synchronization by sending out regular beacons or other advanced
methods [11].
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are demodulated within the demapped frames. Specifically,
the received pulses are converted into discrete signals by
integrating ys(t) within each chip duration. We obtain the
vector of the received signal as

y = [y0,0, . . . , y0,M−1, . . . , yL−1,0, . . . , yL−1,M−1
]
, (10)

where the elements yk,m (k = 0, 1, . . . ,L − 1, and m =
0, 1, . . . ,M − 1) consisting of the CD and ED signals are
given by

yk,m =
∫ τk,m+1

τk,m

[
yc(t) + ye(t)

]
dt = yck,m + yek,m , (11)

herein τk,m represents the start time of the m-th chip within
the k-th frame.
The sum of integrals within one block is denoted by y�j ,

corresponding to one of the 2p2 possible indices, i.e.,

y�j =
K∑

i=1

∫ τ
�ij,M

τ
�ij,0

[
yc(t) + ye(t)

]
dt, (12)

where j = 1, . . . , 2p2 . The decision criterion follows [11]6

�ĵ = arg max
j∈{1,...,2p2 }

{
y�j

}
. (13)

The index bits, accordingly, can be recovered from �ĵ. Then,
the p1 PPM bits can be demodulated according to

ĉl = arg max
l∈{1,...,MK}

{
y�ĵ,cl

}
. (14)

D. SYSTEM COMPLEXITY
Let the computational complexity of a system be repre-
sented by the total number of multiplications performed per
information block. For p bits, including p1 PPM bits and p2
index bits, the computational complexity of S-MRC is O(2)

in the detection stage and is O(2p2 +KM) in the MRC stage.
Therefore, the complexity of S-MRC is given by

OS-MRC = 2 + 2p2 + KM. (15)

The complexity of CD-based maximum likelihood (C-
ML), C-MRC for UsIM [11], and splitting-detection joint-
decision (SDJD) for 2p-PPM [14] are respectively given by

OC-ML = 1 + 2p2MK,

OC-MRC = 1 + 2p2 + KM,

OSDJD = 2 + 2p. (16)

Remark 1: It is worth noting that MK = 2p1 and thus
2p2MK = 2p. It can be derived that the complexity of all
receivers for UsIM is lower than that of SDJD, since SDJD
uses CD and ED to detect the received signal and compares
all possible transmitted signals. This reveals an important
advantage of UsIM over PPM, i.e., UsIM can transmit the
same number of bits as PPM with much lower complexity,
which is significant for size- and energy-constrained IBCs.

6. The MRC in [11] requires additional absolute value operations on y�j .
Thus, the MRC structure in this paper is simplified.

III. CHANNEL NOISE CORRELATION AND
PERFORMANCE ANALYSIS
In this section, we first detail the signal models and investi-
gate channel noise correlation. Then, we derive and analyze
the BER, optimal splitting ratio, mutual information, and
throughput in both TS and PS cases. Without loss of gener-
ality, in the following analysis, let the index bits be conveyed
by �j and the PPM bits be conveyed by cl.

A. RECEIVED SIGNAL MODELS
The detected CD signal in the cil chip of the �i

j frame, where
i = 1, . . . ,K, is given by

yc
�ij,c

i
l
=
∫ τ

�ij,c
i
l+1

τ
�ij,c

i
l

yc(t)dt

= hR0(τe)
√

ρEp +√ρEpnc
�ij,c

i
l
, (17)

where R0(τe) is the synchronization coefficient of CD and
is a function of the timing synchronization error τe, i.e.,

R0(τe) =
∫ τ

�ij,c
i
l+1

τ
�ij,c

i
l

p
(
t − �i

jTf − cilTc
)

× p
(
t − �i

jTf − cilTc + τe

)
dt. (18)

The detected ED signal in the cil chip of the �i
j frame is

ye
�ij,c

i
l
=
∫ τ

�ij,c
i
l+1

τ
�ij,c

i
l

ye(t)dt

= (1 − ρ)

(
h2R1(τe)Ep + 2h

√
EpR1(τe)ne

�ij,c
i
l
+ ηe

�ij,c
i
l

)
,

(19)

where R1(τe) is the synchronization coefficient of ED, i.e.,

R1(τe) =
∫ τ

�ij,c
i
l+1

τ
�ij,c

i
l

p2
(
t − �i

jTf − cilTc + τe

)
dt. (20)

When the received signal is perfectly synchronized in the
receiver, we have R0(0) = R1(0) = 1.
In the m-th chip of the k-th frame, where m = 0, . . . ,

M−1, k = 0, . . . ,L−1, and (m, k) �=
(
�i
j, c

i
l

)
, we have the

detected CD and ED signals that are respectively given by

yck,m = √ρEpnck,m , yek,m = (1 − ρ)ηek,m . (21)

It is shown that nc
�ij,c

i
l
, ne

�ij,c
i
l
, nck,m , and nek,m are Gaussian

random variables following N
(

0,
N0
2

)
. Note that the integral

of n2
0(t) from ED in t ∈ [τ�i

j,c
i
l
, τ�i

j,c
i
l+1] can be decom-

posed in a sum of approximately 2TcWrx independent random
variables, where Wrx is the noise bandwidth that equals
the bandwidth of the transmitted signal [22]. Since ultra-
sonic pulses are wideband signals, it is easy to achieve
2TcWrx > 40. In this case, based on the central limit theo-
rem, the distributions of ηe

�ij,c
i
l
and ηek,m are approximately
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Gaussian [22], having a mean of cN0 and a variance of cN2
0 ,

herein c = TcWrx.
Substituting (17), (19), and (21) into (11), we can write

y�i
j,c

i
l
and yk,m as

y�i
j,c

i
l
= hR0(τe)

√
ρEp + h2R1(τe)(1 − ρ)Ep +√ρEpnc

�ij,c
i
l

+ 2(1 − ρ)h
√
EpR1(τe)ne

�ij,c
i
l
+ (1 − ρ)ηe

�ij,c
i
l
,(22)

yk,m = √
ρEpnck,m + (1 − ρ)ηek,m . (23)

Based on the aforementioned analysis, let

y�i
j,c

i
l
∼ N

(
μ1, σ

2
1

)
, yk,m ∼ N

(
μ2, σ

2
2

)
, (24)

we can deduce that the mean and variance values are

μ1 = hR0(τe)
√

ρEp + h2R1(τe)(1 − ρ)Ep + (1 − ρ)cN0,

μ2 = (1 − ρ)cN0,

σ 2
1 = (1 − ρ)2cN2

0 + ρEpN0

2
+ 2(1 − ρ)2h2EpR1(τe)N0 + σ 2

cov,

σ 2
2 = ρEpN0

2
+ (1 − ρ)2cN2

0 , (25)

where σ 2
cov represents the variance of correlated channel

noise from CD and ED, i.e.,

σ 2
cov = 4

√
ρ(1 − ρ)hEp

√
R1(τe)E

[
nc

�ij,c
i
l
ne

�ij,c
i
l

]
. (26)

It is shown in (26) that the correlation of variables nc
�ij,c

i
l

and ne
�ij,c

i
l
will affect the distribution of the received sig-

nal in UsIM-S-MRC, leading to an impact on the system
performance. To be specific, we analyze the TS and PS cases
as follows.

1) TS CASE

The variables nc
�ij,c

i
l
and ne

�ij,c
i
l
are independent. We can

calculate that

σ 2
cov = 0. (27)

2) PS CASE

Since CD and ED receive the signal simultaneously with
different power levels, nc

�ij,c
i
l
and ne

�ij,c
i
l
represent the same

channel noise, which means that the noises in CD and ED
are completely correlated. Hence the variance σ 2

cov in the PS
case is calculated as

σ 2
cov = 4

√
ρ(1 − ρ)hEp

√
R1(τe)E

[
n2
c
�ij,c

i
l

]

= 2
√

ρ(1 − ρ)hEp
√
R1(τe)N0. (28)

Remark 2: According to (27) and (28), it can be found
that compared with the TS case, an additional noise variance
σ 2
cov of the correlated channel noise is introduced in the PS

case, leading to performance deterioration.

Then, according to (12), the detected CD and ED signals
in each frame can be calculated as

yc
�ij

=
M−1∑

m=0

yc
�ij,m

, ye
�ij

=
M−1∑

m=0

ye
�ij,m

. (29)

The integral of the �i
j frame is rewritten as

y�i
j
= yc

�ij
+ ye

�ij
. (30)

Let the distribution of each frame be expressed as

y�i
j
∼ N

(
μf1, σ

2
f1

)
, yk ∼ N

(
μf2, σ

2
f2

)
, (31)

where k = 0, . . . ,L − 1, k �= �i
j, the mean and variance

values are given by

μf1 = μ1 + (M − 1)μ2, σ 2
f1 = σ 2

1 + (M − 1)σ 2
2 ,

μf2 = Mμ2, σ 2
f2 = Mσ 2

2 , (32)

where μ1, μ2, σ 2
1 , and σ 2

2 are given in (25), and σ 2
1 is related

to (27) or (28).
Remark 3: From (32), we can observe that the correlated

channel noise exists in only one of M (M > 1) chips in
an active frame. Therefore, the joint design of UsIM and
S-MRC can mitigate the impact of correlated channel noise
by only detecting the active part of the transmission frames.
To this end, S-MRC can always obtain performance gain over
C-MRC in both TS and PS cases. In contrast, when using PS
for the existing SDJD receiver [14], the correlated channel
noise of CD and ED exists in the entire chip that is used for
decision. The dominant effect of the correlated channel noise
will degrade SDJD into the traditional CD receiver, result-
ing in no performance gain. Additionally, UsIM-S-MRC is
superior to existing UsIM and SDJD systems in terms of
BER, throughput, and complexity, which will be validated
in Section IV.

B. BER
The average BER of UsIM-S-MRC is given by

Pb = p1

p1 + p2
Pem + p2

p1 + p2
Pei, (33)

where Pem is the average error probability of PPM bits, and
Pei is the average error probability of index bits. As long as
we calculate Pem and Pei, we can obtain Pb.

The Pem can be calculated as

Pem = Pe1(1 − Pei) + 1

2
Pei, (34)

where Pe1 is the error probability of M-PPM. Further, the
active frame combination can be erroneously detected as
the remaining 2p2 −1 combinations. Since different detected
active frame combinations correspond to the different num-
bers of erroneous index bits, we can calculate that C(p2, p′)
error events correspond to p′ erroneous index bits. Thus, Pei
is given by [23]

Pei = Ped
p2(2p2 − 1)

p2∑

p′=1

p′
C
(
p2, p

′), (35)
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where Ped is the error probability of the active frame
detection. According to (13), we have [24]

Ped = 1 − Pr

⎛

⎝y�j > max
k∈{1,...,2p2 }

k �=j

{
y�k

}
⎞

⎠. (36)

Resorting to the BER derivation of the MRC receiver in [11],
Ped can be rewritten as

Ped = 1 − (1 − Pe2)
2p2−1, (37)

where

Pe2 = Pr
(
y�i

j
< yk

)
= Eh

⎡

⎣Q

⎛

⎝ μf1 − μf2√
σ 2
f1 + σ 2

f2

⎞

⎠

⎤

⎦, (38)

where yk denotes the integral of an inactive frame; μf1,
μf2, σ 2

f1, and σ 2
f2 are given in (32), and the specific values

are determined by TS and PS. Referring to (25), (27), (28)
and (32), we can sequentially calculate the Pe2 of TS and
PS as

Pe2 =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

Eh

⎡

⎣Q

⎛

⎝ (1−ρ)hR1(τe)+√
ρR0(τe)√

Mρ+2(1−ρ)2h2R1(τe)
pγ + 2M(1−ρ)2h2c

p2γ 2

⎞

⎠

⎤

⎦,

Eh

⎡

⎣Q

⎛

⎝ (1−ρ)hR1(τe)+√
ρR0(τe)√

Mρ+2(1−ρ)2h2R1(τe)+2(1−ρ)h
√

ρ
√
R1(τe)

pγ + 2M(1−ρ)2h2c
p2γ 2

⎞

⎠

⎤

⎦,

(39)

where γ = h2Eb/N0, denoting the signal-to-noise ratio
(SNR) in the receiver, herein Eb is the energy of one bit and
Eb = KEp/p. After substituting (37) into (35), we obtain Pei.

Next, suppose the first chip of the �i
j frame is used, the

probability of correctly detecting the pulse within the active
frame is given by

Pc1 = P
(
y�i

j,0
> y�i

j,1
, . . . , y�i

j,0
> y�i

j,M−1|x�i
j,0

sent
)
. (40)

Using different signal splitters, we can calculate Pc1 as

Pc1 =
∫ ∞

−∞

⎛

⎜
⎜
⎝1 − Q

⎛

⎜
⎜
⎝

√
ρR0(τe) + (1 − ρ)hR1(τe) + n− (1−ρ)hc

pγ√
ρ

2pγ + (1−ρ)2h2c
p2γ 2

⎞

⎟
⎟
⎠

⎞

⎟
⎟
⎠

M−1

pn1 (n)dn,

(41)

where n1 is given by

n1 =
√

ρnc
�ij,0

h
√
Ep

+
2(1 − ρ)

√
R1(τe)ne

�ij,0√
Ep

+
(1 − ρ)ηe

�ij,0

hEp
, (42)

and pn1(n) is the PDF corresponding to TS or PS.
The error probability Pe1 is calculated as [25]

Pe1 = M

2(M − 1)
(1 − Pc1). (43)

After substituting (35) and (43) into (34), we obtain Pem.

C. OPTIMAL SPLITTING RATIO
Since the closed-form Pc1 for M-PPM is intractable [25], this
subsection takes 2-PPM into account to derive the optimal
splitting ratio. Suppose the received signal is perfectly syn-
chronized in the receiver, according to the derivation of BER
in Section III-B, we can deduce the optimal splitting ratio
ρ∗ of UsIM-S-MRC to achieve the lowest BER.
Proposition 1: Let us consider UsIM with 2-PPM. To

achieve the lowest BER, the optimal splitting ratio in the
TS case is in

[
ρ∗
TS2, ρ

∗
TS1

]
, where

ρ∗
TS2 = 1 +

pγ

(
pγ −

√
4h2(2c+ pγ )2 + p2γ 2

)

2h2(2c+ pγ )2
, (44)

ρ∗
TS1 = 1 +

pγ

(
pγ −

√
16h2(c+ pγ )2 + p2γ 2

)

8h2(c+ pγ )2
. (45)

The optimal splitting ratio in the TS case for PPM-SDJD is
ρ∗
TS1, as shown in (45).
Proof : See the Appendix. �
Proposition 2: In the PS case, let us consider UsIM with

2-PPM again. To achieve the lowest BER, the optimal
splitting ratio for S-MRC is in (ρ∗

PS2, 1), where

ρ∗
PS2 = 1 +

pγ

(
pγ −

√
4h2(4c+ pγ )2 + p2γ 2

)

2h2(4c+ pγ )2
. (46)

The optimal splitting ratio for PPM-SDJD is ρ∗
PS1 = 1.

In the TS case, since the values of ρ∗
TS1 and ρ∗

TS2 are
within (0, 1), the optimal splitting ratios of S-MRC and
SDJD are in (0, 1). Therefore, S-MRC and SDJD can
improve BER performance compared with the CD (i.e.,
ρ = 1) and ED (i.e., ρ = 0) receivers. In the PS case,
it can be derived that the SDJD receiver degrades into a
CD receiver since the ρ∗ equals 1. In contrast, benefiting
from the joint design of UsIM and S-MRC, the optimal
splitting ratio of S-MRC is ρ∗

PS2 ∈ (0, 1), and thus attains
performance gain over C-MRC (i.e., ρ = 1), showing the
superiority of UsIM-S-MRC over PPM-SDJD.

D. MUTUAL INFORMATION
Let a set X = {x�j,cl} represent all possible transmission
vectors. Each element in X is transmitted with equal proba-
bilities, where j = 1, . . . , 2p2 and l = 1, . . . ,MK . From the
perspective of information theory, the mutual information of
UsIM-S-MRC in terms of bits per channel use (bpcu) is
calculated as [26]

I(x; y) = H(x) − Eh[x|y, h]

= log2

(
2p2MK

)
− Eh[x|y, h], (47)
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where x ∈ X and Eh[x|y, h] is given by [27]

Eh[x|y, h] = −
2p2∑

j=1

MK∑

l=1

∫

y
Pr
(
x�j,cl

)
f
(
y|x�j,cl

)

× log2

(
Pr
(
x�j,cl

)
f
(
y|x�j,cl

)

f (y|h)

)

dy. (48)

The conditional PDF f
(
y|x�j,cl

)
is given by [28]

f
(
y|x�j,cl

) =
(

2πσ 2
1

)K
2
(

2πσ 2
2

) LM−K
2

×
K∏

i=1

exp

⎛

⎜
⎝−

(
y�i

j,c
i
l
− μ1

)2

2σ 2
1

⎞

⎟
⎠

×
L−1∏

k=0

M−1∏

m=0

exp

(

−
(
yk,m − μ2

)2

2σ 2
2

)

, (49)

where (k,m) �=
(
�i
j, c

i
l

)
, and the mean and variance val-

ues are given in (25). The conditional PDF f (y|h) can be
calculated as

f (y|h) =
2p2∑

j′=1

MK∑

l′=1

Pr
(
x�j′ ,cl′

)
f
(
y|x�j′ ,cl′

)

= 1

2p2MK

2p2∑

j′=1

MK∑

l′=1

(
2πσ 2

1

)K
2
(

2πσ 2
2

) LM−K
2

×
K∏

i=1

exp

⎛

⎜⎜
⎜
⎝

−

(
y�i

j′ ,c
i
l′

− μ1

)2

2σ 2
1

⎞

⎟⎟
⎟
⎠

×
L−1∏

k′=0

M−1∏

m′=0

exp

(

−
(
yk′,m′ − μ2

)2

2σ 2
2

)

, (50)

where (k′,m′) �=
(
�i
j′ , c

i
l′
)
. According to (49) and (50), we

obtain

−log2

(
Pr
(
x�j,cl

)
f
(
y|x�j,cl

)

f (y|h)

)

= log2

⎛

⎜⎜
⎜
⎝

2p2∑

j′=1

MK∑

l′=1

exp

⎛

⎜⎜⎜
⎝

∑K
i=1

(
y�i

j,c
i
l
− μ1

)2 −
(
y�i

j′ ,c
i
l′

− μ1

)2

2σ 2
1

+
∑L−1

k=0
∑M−1

m=0

(
yk,m − μ2

)2 −∑L−1
k′=0

∑M−1
m′=0

(
yk′,m′ − μ2

)2

2σ 2
2

⎞

⎟⎟
⎟
⎠

⎞

⎟⎟
⎟
⎠

,

(51)

where (k,m) �=
(
�i
j, c

i
l

)
and (k′,m′) �=

(
�i
j′ , c

i
l′
)
. By sub-

stituting (49) and (51) into (48), we obtain the mutual
information of UsIM-S-MRC as

I(x; y) = log2

(
2p2MK

)
− Ey|x�1,c1

[
log2

(
ξ
(
y|x�1,c1

))]
, (52)

where Ey|x�1,c1
[·] is the expectation with respect to y|x�1,c1 ,

and ξ
(
y|x�1,c1

)
is given by

ξ
(
y|x�1,c1

)

=
2p2∑

j′=1

MK∑

l′=1

exp

⎛

⎜⎜⎜
⎝

∑K
i=1

(
y�i

1,ci1
− μ1

)2 −
(
y�i

j′ ,c
i
l′

− μ1

)2

2σ 2
1

+
∑L−1

k=0
∑M−1

m=0

(
yk,m − μ2

)2 −∑L−1
k′=0

∑M−1
m′=0

(
yk′,m′ − μ2

)2

2σ 2
2

⎞

⎟⎟⎟
⎠

,

(53)

where μ1, μ2, σ 2
1 , and σ 2

2 are given in (25), and it can be
inferred from (25) that the mutual information is associated
with the power splitting ratio ρ. Furthermore, since the values
of σ 2

1 and σ 2
2 are determined by the specific signal splitters as

analyzed in Section III-A, the mutual information is affected
by the TS and PS splitters.
Note that in the case of K = 1, Eq. (52) calculates the

mutual information of 2p-PPM, and herein ξ
(
y|x�1,c1

)
is

simplified as

ξ
(
y|x�1,c1

) =
2p∑

j′=1

exp

⎡

⎢⎢
⎢
⎣

(
y�1

1,c
1
1
− μ1

)2 −
(
y�1

j′ ,c
1
1
− μ1

)2

2σ 2
1

+

(
y�1

j′ ,c
1
1
− μ2

)2

−
(
y�1

1,c
1
1
− μ2

)2

2σ 2
2

⎤

⎥⎥
⎥
⎦

. (54)

Remark 4: In the case that K is a constant, increasing
M and L will increase p1 and p2 respectively. Thus, the
source entropy of UsIM, i.e., H(x), will be enhanced and
it is beneficial to obtain higher mutual information accord-
ing to (47). Particularly, in the case of K = 1, the source
entropy of both UsIM and 2p-PPM is p. UsIM may achieve
higher mutual information within the same duration as 2p-
PPM by activating K′ (K′ > 1) frames to reach a source
entropy of p + (K′ − 1) log2 M. This is because UsIM not
only uses the frame index to convey information bits, but also
transmits PPM bits within the active frames. While 2p-PPM
only transmits information bits within frames. Therefore, the
joint-designed UsIM-S-MRC system is beneficial to achieve
higher mutual information than 2p-PPM, which can provide
higher achievable rates for versatile IBC applications.
Remark 5: In the case of K < L, the source entropy of

UsIM is p2 + K log2 M. In the case of K = L, all frames
use M-PPM to transmit PPM bits and the source entropy
becomes L log2 M. When UsIM and M-PPM adopt the same
frame duration, since UsIM activates a part of transmission
frames, M-PPM can achieve higher mutual information than
UsIM. However, the successive ultrasonic pulse transmission
may cause severe heat dissipation [3] that is harmful to
vulnerable organs and tissues in the human body. Thus, to
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maintain low duty cycle ultrasonic pulses for the safety of
the human body, it is not necessary to activate more than
half of the frames. Moreover, M-PPM has to transmit pulses
with a large chip width to maintain a low duty cycle and
thus sacrifice the data rate. Therefore, UsIM can attain low
duty cycle pulses and achieve high data rates by transmitting
additional index bits without transmitting additional pulses.

E. THROUGHPUT
The throughput is defined as the average number of correctly
received bits in unit time [11]. Thus, the throughput of UsIM
is calculated as

RtUsIM = (1 − BERUsIM)p

LMTc
. (55)

As long as S-MRC achieves lower BER than C-MRC,
S-MRC can obtain higher throughput than C-MRC.
Furthermore, the throughput of PPM-SDJD is given by

RtSDJD = (1 − BERSDJD) log2 M

MTc

= (1 − BERSDJD)
(
p+ (L− K) log2 M − p2

)

LMTc
. (56)

Comparing (55) and (56), when the BER of UsIM-S-MRC
is lower than that of PPM-SDJD, and the number of index
bits p2 is higher than (L − K) log2 M, the proposed UsIM-
S-MRC can achieve higher throughput than PPM-SDJD.

IV. SIMULATION RESULTS
In this section, extensive Monte Carlo simulations are per-
formed to study the performance of UsIM-S-MRC in terms
of mutual information, BER, optimal splitting ratio, and
throughput in both TS and PS cases. The channel state
information is assumed to be perfectly known at all con-
sidered receivers. The maximum transmission power is set
to 16 μW (i.e., SNR = 12 dB) over a transducer area of
1 cm2, which is below the maximum limit (720 mW/cm2)

imposed by the FDA [6], [7]. The timing synchronization
error τe is assumed to follow a Tikhonov distribution [29],
which is expressed as

f (τe) = 1

2π I0
(

1
σ 2

τe

) exp

(
cos τe

σ 2
τe

)

, (57)

where στe denotes the standard deviation of τe.
At the receiver end, we compare the S-MRC receiver with

the C-ML and C-MRC receivers for UsIM to demonstrate
the superiority of S-MRC. At the transmitter end, we com-
pare UsIM using S-MRC with PPM using SDJD to show the
superiority of the joint design of UsIM-S-MRC for IBCs.
In all simulations, unless stated otherwise, the received sig-
nal is perfectly synchronized with the template signal in
CD. The transmitters use 2-PPM (i.e., M = 2). The chan-
nel attenuation is assumed to be normalized in all receivers
and the channel fading follows the generalized Nakagami
fading in (5), where the shaping, spreading, and general-
ization parameters are α = 0.59, β = 0.05, and z = 1.12,
respectively [7], [20].

FIGURE 4. Mutual information of UsIM-S-MRC versus the splitting ratio ρ in the
cases of M = 1, 2, L = 4, 8, and K = 1, 3, 4 at the SNR = 6 dB in the TS and PS cases.

A. MUTUAL INFORMATION FOR S-MRC
Figure 4 shows mutual information of UsIM-S-MRC versus
the splitting ratio ρ in the cases of M = 1, 2, L = 4, 8, and
K = 1, 3, 4 at the SNR = 6 dB in the TS and PS cases. It can
be observed that S-MRC can always achieve better mutual
information in the TS case than in the PS case, indicating
that TS can help S-MRC to achieve higher data rates. This
is due to the independent noises in CD and ED in the TS
case. In the PS case, the maximum mutual information is
achieved at the value of ρ = 1 and thus S-MRC cannot
obtain mutual information gain. This is due to the correlated
channel noise of CD and ED, validating Remark 2. It is worth
noting that when ρ = 1, S-MRC degrades into C-MRC in
the PS case. Moreover, when K = 1, in the cases of M = 1,
L = 8 (i.e., p1 = 0, p2 = 3) and M = 2, L = 4 (i.e.,
p1 = 1, p2 = 2), the same mutual information is achieved
in the TS or PS case. This is because when K = 1, the
mutual information of the two curves is equivalent to that of
8-PPM.

Let us compare the curves of {M = 2, L = 4, K = 3}
and {M = 2, L = 4, K = 4} in Fig. 4. We can observe
that the mutual information in K = 3 is higher than that
in K = 4. This is because when K = 3, three PPM bits
and two index bits are transmitted, while when K = 4, all
frames in one block are used to transmit four PPM bits.
Therefore, higher source entropy and mutual information
can be obtained when K = 3, benefiting from the UsIM
transmission. Furthermore, the maximum mutual information
in the TS case is achieved at ρ ∈ (0, 1). This means that
using TS at S-MRC can further attain performance gain in
terms of mutual information compared with C-MRC.
Since no performance gain in terms of mutual information

exists in the PS case, we next compare the mutual
information of UsIM-S-MRC with existing UsIM and PPM-
SDJD in the TS case. Fig. 5 depicts the mutual information
of UsIM-S-MRC, UsIM using C-MRC, and PPM-SDJD
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FIGURE 5. Mutual information of UsIM-S-MRC, UsIM using C-MRC, and PPM-SDJD
versus SNR in the cases of M = 2, L = 4, and K = 1, 3 in the TS case.

FIGURE 6. Theoretical and simulation BER of S-MRC versus the splitting ratio ρ in
the cases of K = 1, p1 = 1, 2 (i.e., M = 2, 4), p2 = 2 (i.e., L = 4), and SNR = 9 dB, in the
TS and PS cases, over the Gaussian (i.e., |h| = 1) and generalized Nakagami channels
in the UsIM-S-MRC systems without and with synchronization errors of στe = 0, 0.01.

versus SNR in the cases of M = 2, L = 4, and K = 1, 3. It
can be observed that the splitting receivers (i.e., S-MRC and
SDJD) employing TS can attain performance gain regardless
of whether the transmitter adopts PPM or UsIM. Note that
the two curves in the same case converge at high SNR. This
can be explained from the information-theoretical perspec-
tive, i.e., the uncertainty of the received signal decreases as
the SNR increases and thus the mutual information almost
reaches the source entropy.

B. BER ANALYSIS FOR USIM-S-MRC
Figure 6 depicts the theoretical and simulation BER of
S-MRC versus the splitting ratio ρ in the cases of K = 1,
p1 = 1, 2 (i.e., M = 2, 4), p2 = 2 (i.e., L = 4), and

FIGURE 7. Theoretical and simulation optimal splitting ratio ρ∗ of UsIM-S-MRC
versus SNR in the cases of p1 = 1 (i.e., K = 1) and p2 = 2 (i.e., L = 4) with TS and PS,
over the Gaussian and generalized Nakagami channels.

SNR = 9 dB, in the TS and PS cases, over the Gaussian (i.e.,
|h| = 1) and generalized Nakagami channels in the UsIM-
S-MRC systems without and with synchronization errors of
στe = 0, 0.01. It can be observed that when ρ is close to
zero, the theoretical curves are slightly higher than the simu-
lation ones. This is due to the Gaussian approximation of the
square-noise of ED. As ρ increases to one, the theoretical
curves agree with the simulation counterparts well, which
validates the theoretical BER derivation in Section III-B.
Moreover, we can find that for both TS and PS cases, the
lowest BER of S-MRC is achieved at a value of ρ ∈ (0, 1),
which jointly uses CD and ED, neither at ρ = 0 nor ρ = 1
(i.e., C-MRC). This observation can also be theoretically
explained by Propositions 1 and 2. Additionally, although
the timing synchronization errors degrade BER performance,
the performance gains still exist.
In Fig. 6, comparing the BER curves in the TS case with

the counterparts in the PS case, it is obvious that S-MRC
using TS can always achieve lower BERs than using PS.
This observation is consistent with the results in Fig. 4. The
higher BER in the PS case is inevitable due to the correlated
channel noise of CD and ED. The higher modulation order
M leads to higher BER due to the increased accumulated
noise in the frames. Besides, to achieve the lowest BER,
more power is allocated to ED in fading channels compared
with the counterparts in Gaussian channels. This is because
CD is severely impaired by channel fading while ED is more
robust in fading channels. Although channel fading affects
the value of the optimal splitting ratio for the lowest BER,
the BER gain still exists, showing the superiority of S-MRC
in both Gaussian and intra-body fading channels.
Figure 7 depicts the theoretical and simulation optimal

splitting ratio ρ∗ of UsIM-S-MRC versus SNR in the cases
of p1 = 1 (i.e., K = 1) and p2 = 2 (i.e., L = 4) with
TS and PS, over the Gaussian and generalized Nakagami
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FIGURE 8. Theoretical and simulation BER of UsIM-S-MRC versus the splitting ratio
ρ in the cases of p1 = 1, 4 (i.e., K = 1, 4), p2 = 2, 3 (i.e., L = 4, 8), and SNR = 9 dB in
the TS and PS cases.

channels. The theoretical ρ∗ is calculated by (44) and (46).
The simulation ρ∗ is measured at the lowest BERs. We can
observe that the theoretical results agree with the simulation
counterparts well, and thus Propositions 1 and 2 are verified.
We can also observe that ρ∗ in the PS case is higher than
that in the TS case. This is because PS induces the correlated
channel noise, and more power is allocated to CD to alle-
viate the impact of correlated channel noise. Moreover, we
can find that ρ∗ over Gaussian channels is higher than the
counterpart over generalized Nakagami channels. The rea-
son is that channel fading has a more serious effect on CD
than ED, more power is allocated to ED over generalized
Nakagami channels compared with Gaussian channels.
Next, let us analyze how p1 and p2 affect the BER

performance of S-MRC in the TS and PS cases. Fig. 8
depicts the theoretical and simulation BER of UsIM-S-MRC
versus the splitting ratio ρ in the cases of p1 = 1, 4 (i.e.,
K = 1, 4), p2 = 2, 3 (i.e., L = 4, 8), and SNR = 9 dB in
the TS and PS cases. It can be observed that the BER in the
TS case at the optimal splitting ratio can reach around 10−5,
which is more than one order of magnitude lower than the
corresponding BER using a CD (i.e., ρ = 1). In the case of
p2 = 2, BER becomes higher as p1 increases. In the case
of p1 = 1, BER becomes lower as p2 increases. The reason
is that to maintain the same SNR, the increased p1 signif-
icantly increases accumulated noise and slightly increases
the pulse energy, while the increased p2 can enhance the
pulse energy without inducing additional noise. Moreover,
the BER gains of the minimum BER of TS to that of PS
are respectively about 4.14 dB, 1.66 dB, and 5.56 dB in
the cases of {p1 = 1, p2 = 2}, {p1 = 4, p2 = 2}, and
{p1 = 1, p2 = 3}. Taking the BER gain of 4.14 dB as a
benchmark, it can be concluded that the BER gain of TS to
PS becomes higher with the increase of p2 or the decrease

FIGURE 9. BER of S-MRC and SDJD versus SNR in the cases of p1 = 1, 3 (i.e.,
K = 1, 3) and p2 = 2 (i.e., L = 4) in the TS and PS cases.

of p1. Therefore, the impact of the correlated channel noise
of PS becomes weaker as p1 increases or as p2 decreases.

Notice that in Fig. 8, when p1 = 4 (i.e., K = 4), all chips
are used to transmit PPM bits, and UsIM-S-MRC degrades
into PPM-SDJD. It is obvious that in the PS case, SDJD has
no BER gain, which shows different results from the exist-
ing research [14]. These observations agree with Remark 3.
Since UsIM and S-MRC can disperse the correlated chan-
nel noise of CD and ED in one chip to the whole active
frame, BER gain can be obtained in both TS and PS cases.
While for PPM-SDJD, the correlated channel noise exists
in the entire decision chip. Moreover, S-MRC in the PS
case achieves lower BER than that of SDJD in both TS
and PS cases. Therefore, the joint design of UsIM-S-MRC
can implement an ultrasonic IBC system with a much lower
BER and complexity than the existing SDJD.

C. COMPARISON OF USIM-S-MRC WITH USIM AND SDJD
In this section, we perform extensive simulations to fur-
ther reveal the superiority of UsIM-S-MRC over existing
UsIM [11] and PPM-SDJD [14]. For fairness, PPM-SDJD
uses the same chip duration as UsIM-S-MRC and UsIM.
Thus, PPM-SDJD can transmit four modulated bits by four
pulses in one block duration.
Figure 9 depicts the simulation BER of S-MRC and SDJD

versus SNR in the cases of p1 = 1, 3 (i.e., K = 1, 3) and
p2 = 2 (i.e., L = 4) in the TS and PS cases. The BERs of
the S-MRC receiver are measured at the optimal splitting
ratios, which achieve the lowest BERs. It can be observed
that the BER of SDJD is higher than that of S-MRC in
the case of p1 = 1 (i.e., K = 1) and lower than that of
S-MRC in the case of p1 = 3 (i.e., K = 3). This can be
explained by two facts. On the one hand, adopting UsIM with
p1 = 1, one ultrasonic pulse can convey three bits, while 2-
PPM transmits one bit by one ultrasonic pulse. Consequently,
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FIGURE 10. Throughput of C-MRC, S-MRC, and SDJD versus SNR in the cases of
p1 = 3 (i.e., K = 3) and p2 = 2 (i.e., L = 4) in the TS and PS cases.

with the same SNR, one pulse in UsIM has much higher
pulse energy than that in 2-PPM. The corresponding S-MRC
can achieve much lower BER than SDJD. On the other
hand, to maintain the same SNR, the increased p1 low-
ers the average pulse energy in UsIM and thus increases
BER.
Figure 10 depicts the throughput of C-MRC, S-MRC, and

SDJD versus SNR in the cases of p1 = 3 (i.e., K = 3)

and p2 = 2 (i.e., L = 4) in the TS and PS cases. The
throughput for all schemes is normalized as the correctly
received bits per frame. Obviously, S-MRC has a higher
throughput than that of SDJD, benefiting from the high
data rate of UsIM. Since UsIM transmits five bits within
one block duration, while SDJD only transmits four bits
per block. Furthermore, for both S-MRC and SDJD, the
throughput in the TS case is slightly higher than that in
the PS case. The throughput improvement of TS to PS in
S-MRC is greater than that in SDJD, showing the superi-
ority of UsIM-S-MRC in reducing average channel noise.
Besides, although UsIM provides high throughput, S-MRC
with TS can still improve the throughput of the existing C-
MRC slightly. Therefore, UsIM-S-MRC can achieve higher
throughput than existing UsIM and SDJD systems with low
complexity.
Next, to show the superiority of the joint design of UsIM

and S-MRC, Fig. 11 compares the simulation BER of C-ML,
C-MRC, S-MRC with TS and S-MRC with PS versus SNR
in the cases of p1 = 1 (i.e., K = 1) and p2 = 2 (i.e., L = 4),
in the UsIM-S-MRC systems with synchronization errors of
δτe = 0.01, 0.02. We can see that the S-MRC receiver in
both TS and PS cases achieves lower BERs compared with
C-MRC, benefiting from the diversity combing from CD
and ED [14]. When δτe = 0.02, the BERs of C-ML and
C-MRC deteriorate seriously since the performance of CD
highly depends on synchronization accuracy. Although S-
MRC also deteriorates in the case of δτe = 0.02, it achieves

FIGURE 11. BER of C-ML, C-MRC, S-MRC with TS and S-MRC with PS versus SNR
in the cases of p1 = 1 (i.e., K = 1) and p2 = 2 (i.e., L = 4), in the UsIM-S-MRC systems
with synchronization errors of δτe = 0.01, 0.02.

FIGURE 12. Complexity comparison among C-ML, C-MRC, S-MRC, and SDJD (left)
versus the number of PPM bits p1 in the case of p2 = 2 (i.e., L = 4), and (right) versus
the number of index bits p2 in the case of p1 = 1 (i.e., K = 1).

lower BER than C-ML and C-MRC. This is expected since
S-MRC benefits from the signal splitter jointly using CD
and ED.
Finally, to compare the complexity of all receivers,

Fig. 12 shows the complexity comparison among the C-ML,
C-MRC, and S-MRC for UsIM and SDJD for 2p-PPM. We
can find that to transmit the same number of information bits,
C-MRC has the lowest complexity, and S-MRC has lower
complexity than C-ML and SDJD. Although the complexity
of S-MRC is slightly higher than that of C-MRC due to the
joint use of CD and ED, S-MRC can significantly improve
the BER performance compared with C-MRC, as shown in
Figs. 9 and 11. Therefore, S-MRC can achieve lower com-
plexity than C-ML and lower BER than C-MRC, which
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provides a suitable trade-off between BER and complexity
for the existing UsIM.

V. CONCLUSION
This paper revealed the critical impact of channel noise corre-
lation on ultrasonic splitting receivers. To attain performance
gains in terms of mutual information and BER for ultrasonic
IBCs, we proposed a UsIM-S-MRC system to mitigate the
impact of channel noise correlation. We further derived the
theoretical mutual information, BER, and optimal splitting
ratio of UsIM-S-MRC considering timing synchronization
error. Extensive Monte Carlo simulations verified the theo-
retical analysis and showed that S-MRC with TS can achieve
higher mutual information and lower BER than S-MRC with
PS due to the independent channel noises in CD and ED.
More importantly, the joint-designed UsIM-S-MRC system
can achieve lower BER and higher throughput than existing
PPM-SDJD, and can achieve lower BER than C-ML and
C-MRC receivers in UsIM systems with synchronization
errors, providing a robust and superior solution for IBCs.
Our future work will focus on designing coding schemes
and splitting schemes for UsIM-S-MRC to further improve
the performance.

APPENDIX
PROOF OF PROPOSITION 1
Referring to (33), to obtain the lowest Pb, it is necessary
to lower the error probabilities of PPM bits and index
bits, which are associated with Pe1 and Pe2 according
to (34)–(38). To this end, the optimal splitting ratio ρ∗ should
minimize Pe1 and Pe2 simultaneously. Since the closed-from
error probability Pe1 for M-PPM is intractable, we analyze
2-PPM in perfectly synchronized UsIM systems.
In the TS case, we can derive Pe1 conditioned on the

channel coefficient h as

Pe1 = 1

2
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j,0
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)

+ 1

2
P
(
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)

= Q

⎛
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⎝

(1 − ρ)h+ √
ρ

√
ρ+2(1−ρ)2h2

pγ + 2(1−ρ)2h2c
p2γ 2

⎞

⎟⎟
⎠. (58)

Let Pe1 = Q(RTS1), we have

RTS1 = (1 − ρ)h+ √
ρ

√
ρ+2(1−ρ)2h2

pγ + 2(1−ρ)2h2c
p2γ 2

. (59)

By substituting M = 2 into (39), we have Pe2 conditioned
on the channel coefficient h as Pe2 = Q(RTS2), where

RTS2 = (1 − ρ)h+ √
ρ

√
2ρ+2(1−ρ)2h2

pγ + 4(1−ρ)2h2c
p2γ 2

. (60)

Since the Gaussian Q-function is monotonically decreas-
ing, minimizing Q(R) is equivalent to maximizing R.
Therefore, to decrease Pe1 and Pe2, we need to increase RTS1
and RTS2.
The derivative of RTS1 with respect to ρ is calculated as

∂RTS1

∂ρ
= h(1 + ρ)

(
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(
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2p2γ 2√ρ
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) 3
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(61)

The derivative of RTS2 with respect to ρ is calculated as

∂RTS2
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Let ∂RTS1
∂ρ

= 0 and ∂RTS2
∂ρ

= 0, we obtain ρ∗
TS1 and ρ∗

TS2 that
are given in (45) and (44). Since

⎧
⎪⎨
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∂RTS1
∂ρ

> 0,
∂RTS2
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TS2, ρ
∗
TS1

)
,
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∂ρ

< 0,
∂RTS2
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< 0, ρ ∈ (ρ∗

TS1, 1
]
,

(63)

to obtain the maximum RTS1 and the maximum RTS2, the
optimal splitting ratio is given by

ρ∗ ∈ [ρ∗
TS2, ρ

∗
TS1

]
. (64)

When the transmitter adopts 2-PPM without using UsIM,
the Pe1 becomes the BER of PPM-SDJD. According to (63),
we can obtain the optimal splitting ratio of SDJD is ρ∗

TS1.
By performing similar derivations as the TS case, we

can obtain the optimal splitting ratio for the PS case as
ρ∗ ∈ [ρ∗

PS2, 1], where ρ∗
PS2 is given in (46). Similarly, for

PPM-SDJD, the optimal splitting ratio is ρ∗
PS1 = 1.
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