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Abstract: Underwater hostile channel conditions challenge video transmission designs. The current designs often
treat video coding and transmission schemes as individual modules. In this study, we develop an adaptive transceiver
with channel state information (CSI) by taking into account the importance of video components and channel
conditions. The design is more effective than the traditional ones. However, in practical systems, perfect CSI may
not be available. Therefore, we compare the imperfect CSI case with existing schemes, and validate the effectiveness
of our design through simulations and measured channels in terms of a better peak signal-to-noise ratio and a higher
video structural similarity index.
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1 Introduction

Underwater video transmissions are an impor-
tant yet challenging academic topic with a wide 
range of industrial applications, such as marine re-
source exploration and exploitation, marine ecologi-
cal monitoring, undersea equipment inspection, and 
assistant control for inshore cultivation (Vall et al., 
2011; Wang et al., 2015). Although underwater acou-
stic transmissions have drawn significant attention 
from researchers, few schemes are designed based on
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video content. Most of the references have not taken
into account the type of data source, but instead, de-
dicated their efforts to tackling hostile channel cha-
racteristics, i.e., limited bandwidth, low data rate,
and high propagation attenuation (Stojanovic and
Preisig, 2009). Recently, orthogonal frequency di-
vision multiplexing (OFDM) has been investigated
due to its multipath mitigation and high data rate
features (Wang et al., 2014; Kuai et al., 2016; Kumar
and Kumar, 2016). Stojanovic (2006) proposed an
adaptive OFDM receiver design with low complexity
along with a non-uniform Doppler compensation al-
gorithm. Different modulation schemes with OFDM
technology have been discussed in underwater acou-
stic communications, such as on-off keying (OOK)
(Li et al., 2008b), binary phase shift keying (BPSK)
(Santoso et al., 2012), and quadrature phase shift
keying (QPSK) and 16-QAM (quadrature amplitude
modulation) (Li et al., 2008a). Santoso et al. (2012)
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proposed an image transmission system with OFDM
where the images were converted into a series of bi-
nary data after compression; the transmission design
was independent of image coding.

Generally, videos have to be compressed before
transmission because they include a large amount of
data and the bandwidth of acoustic channels is limi-
ted. On one hand, videos are sequences of recorded
images playing at certain frame rates. Actually, the
frame rate that can be achieved using acoustic waves
is not sufficient for transmitting an arbitrary video,
but it is quite sufficient for transmitting a specific
marine surveillance video (Ribas et al., 2011; Vall
et al., 2011). Moreover, the contents and motion
trajectories of adjacent frames should be similar. As
a result, videos have great temporal redundancies.
On the other hand, the correlations between adja-
cent pixels within a frame lead to spatial redundan-
cies. Therefore, a common video compression met-
hod often consists of interframe coding and intraf-
rame coding (Hoag et al., 1997). These two coding
techniques are used to reduce temporal redundancies
and spatial redundancies, respectively. Most of the
interframe coding schemes were implemented using
local and global motion compensation (Hoag et al.,
1997; Negahdaripour and Khamene, 2000; Li et al.,
2009). With respect to intraframe coding, MPEG-
4 and H.264 compression (Ribas et al., 2011), dis-
crete wavelet transform (DWT) (Hoag et al., 1997;
Li et al., 2009; Zhang et al., 2016b), and discrete co-
sine transform (DCT) (Holla and Geetha, 2015) were
commonly used. It was verified in Uma et al. (2014)
that the MPEG-4 compression standard satisfied the
requirements of real-time underwater transmission
with good video quality. Rather than pursuing a
high compression ratio, Zhang et al. (2016a) tried to
find a balance between coding efficiency and error
resiliency. Based on the importance of the contents,
a video was split into base and enhancement des-
criptions. The enhancement frames were selectively
discarded based on the current channel conditions.
To lighten the burden on underwater encoding no-
des, Holla and Geetha (2015) proposed a distributed
video coding (DVC) scheme combined with DCT to
shift the computational complexity to the onshore
receiver.

Jakubczak and Katabi (2010) developed a no-
vel video transmission technique named SoftCast.
Three-dimensional (3D) discrete cosine transform

(3D-DCT) was adopted in SoftCast because it can si-
multaneously remove both intraframe and interframe
redundancies in video streams. The coefficients
obtained by 3D-DCT were grouped into different
chunks. Chunks with low variances were dropped
and retained chunks were scaled before transmis-
sion according to their importance. SoftCast used
a raw OFDM structure, which bypasses forward er-
ror correction and QAM mapping. Instead, trans-
mitted signal samples were linearly correlated with
the original 3D-DCT coefficient values. This fe-
ature makes SoftCast more effective on video er-
ror protection, compared with traditional codeword
mapping technologies (BPSK, QPSK, 16QAM, etc.)
where a single bit flip in a codeword can cause a
dramatic change in value reconstruction. That is,
SoftCast is more resilient to noise and channel fa-
ding. SoftCast has been validated to be superior to
conventional video coding schemes, like multiple re-
solution coding (MRC), scalable video coding with
hierarchical modulation (SVC-HM), and MPEG-4.

However, the aforementioned designs conside-
red video coding and transmission schemes as two
different parts. Little information was exchanged to
address the complicated channel conditions. There-
fore, the performance of the systems was limited over
realistic fading channels. Zhang et al. (2017) propo-
sed ECast, which is an improvement of SoftCast that
aims to overcome these problems. Taking the advan-
tage of SoftCast, the ECast coefficient components
with higher energies were preferentially allocated to
the subcarriers with less subchannel fading, and were
then scaled according to both their importance and
their subchannel fading coefficients. However, ECast
cannot be applied in an underwater environment,
because the channel time-variations have not been
taken into account.

Zhang et al. (2018) developed an adaptive de-
sign for underwater channels when both transmitter
and receiver have perfect channel state information
(CSI). In this study, we investigate an adaptive de-
sign in which both the video content and channel con-
ditions are considered to find the optimal subcarrier
matching and power allocation schemes. Compared
with Zhang et al. (2018), we provide theoretical ana-
lysis. Due to channel estimation error and other un-
certainties, CSI is usually imperfect in real systems.
Consequently, we develop an adaptive transceiver for
the imperfect CSI case.
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Joint OFDM subcarrier matching and power al-
location schemes have been widely studied for diffe-
rent scenarios, e.g., in a high-speed mobile OFDMA
system (Gong et al., 2008), in an uplink relay-
enhanced system (Fan et al., 2010), in a one-way
relay system (Wang et al., 2008), in a two-way re-
lay system (Vu and Kong, 2012), and in multihop
networks (Ramagiri and Jagannatham, 2015). All
of these studies were based on symbol-by-symbol de-
tection and focused on maximizing the overall capa-
city of the system and the transmission rates. Here,
we consider a block-by-block detection mechanism
for underwater channels and focus directly on demo-
dulation performance.

The notations used throughout the paper are ex-
plained as follows. Boldfaced lowercase and upper-
case letters denote vectors and matrices, respecti-
vely. E[ · ] denotes the expectation of the corre-
sponding (multi-)variate. tr(·) and | · | denote the
trace and determinant of a matrix, respectively.
The superscripts (·)T and (·)H denote the transpose
and Hermitian transpose, respectively. The ope-
rator ⊗ denotes the Kronecker product. N (u, δ2)

represents the Gaussian distribution with mean u

and variance δ2. CN (u, δ2) represents the complex
Gaussian distribution with mean u and variance δ2.
CN p(up×1,R) represents the complex Gaussian dis-
tribution with mean vector u ∈ R

p×1 and covariance
matrix R ∈ R

p×p. A � 0 means that matrix A is a
positive semidefinite matrix.

2 System model

Let us consider a single-user video communica-
tion system over underwater acoustic channels. The
model is similar to that considered in Scaglione et al.

(1999) and is brought into the underwater area here.

2.1 Overview of the design

The design is similar to SoftCast (Jakubczak
and Katabi, 2010) and ECast (Zhang et al., 2017).
As mentioned previously, SoftCast did not consider
channel conditions and ECast did not take into ac-
count channel time-variations. Therefore, they can-
not be applied in the underwater environment. Fig. 1
depicts the framework of the proposed design. The
main components are described as follows.

2.1.1 Video source encoder

Fig. 2 shows a block diagram of the video source
encoder. Every T successive frames are treated as
a group. Each group is transformed into a 3D coef-
ficient matrix after the 3D-DCT operations. Accor-
ding to the properties of natural images, the coeffi-
cient matrix is sparse and the non-zero components
are concentrated in low temporal and spatial fre-
quencies (Jakubczak and Katabi, 2010). The matrix
is adjacently segmented into multiple chunks, each
of which has the same size. Because the chunks with
low energy barely contribute to video reconstruction,
they are discarded at the transmitter to lighten the
burden on bandwidth resources. Correspondingly, a
bitmap is generated as metadata to help the recei-
ver know the locations of the retained chunks. To
get zero-mean distributions, all chunks retained are
subtracted by their means. Moreover, each of them
is rewritten to a row vector in a zig-zag order (the
scanning path of the zig-zag order is shown in the
lower right area of Fig. 2); these chunks are then ti-
led together. Through a series of these steps, matrix
D ∈ R

N×NC is created, where N is the number of
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Fig. 2 Video source encoder (di,� denotes the entry
in the ith row and �th column of D)

chunks retained and NC is the number of elements in
a chunk. The ith row of D is the ith chunk retained.
The details of the procedure are given in Appendix.
How to choose the group size T is outside the scope
of this paper.

2.1.2 Metadata

The role of metadata is to assist the receiver
in decoding the received signals. Metadata include
a bitmap that indicates the locations of the retai-
ned chunks together with their means and variances.
Metadata are coded with powerful correction capabi-
lities (e.g., forward error correction), and are trans-
mitted through a low rate channel with traditional
communication schemes (e.g., BPSK modulation).

2.1.3 Precoder and receiver designs

Our precoder design strives to distribute diffe-
rent chunks to different subcarriers, and optimally
schedule the power allocation based on their impor-
tance and the channel conditions. When the channel
is time-invariant, the subcarrier matching problem
degrades to the results in Zhang et al. (2017). At
the receiver, data are decoded based on the mini-
mum mean square error (MMSE) criterion. Because
the problem is a joint transceiver design, the pre-
coder and receiver designs are presented together in
Section 2.3.

2.1.4 Video source decoder

The video source decoder receives chunk data
demodulated from the receiver and performs the ope-
rations of the encoder in reverse to reconstruct the
video streams with the help of metadata.

2.2 Channel model and input-output relati-
onship

Denote an N×1 vector d (as depicted in Fig. 2),
where the ith entry of d is from the ith chunk retai-
ned. The precoder is denoted as an N × N matrix
F . The output of the precoder

x = Fd (1)

is fed to OFDM, where the ith entry of x is denoted
as xi.

Suppose the baseband discrete-time channel im-
pulse response (CIR) is causal with finite memory L.
Denote the time index, the delay tap index, and the
corresponding CIR coefficient as n, �, and h(n; �),
respectively. After OFDM operations at both the
transmitter and receiver, the uth received symbol ta-
kes the form:

yu = Hu,uxu +

N−1∑

v=0
v �=u

Hu,vxv + wu, (2)

where wu is the Fourier transform of the correspon-
ding additive noise and the channel transfer function
Hu,v indicates the interference coming from the vth

symbol or the vth subcarrier, which can be expressed
as follows (Molisch, 2012):

Hu,v =
1

N

N−1∑

n=0

L−1∑

�=0

h(n; �) exp

(
j
2π

N
(v(n− �)− un)

)
.

(3)
Collectively forming a block of size N symbols,

the matrix-vector form of Eq. (2) is expressed as

⎡

⎢⎢⎢⎣

y0
y1
...

yN−1

⎤

⎥⎥⎥⎦=

⎡

⎢⎢⎢⎣

H0,0 . . . H0,N−1

H1,0 . . . H1,N−1

...
...

HN−1,0. . .HN−1,N−1

⎤

⎥⎥⎥⎦

⎡

⎢⎢⎢⎣

x0

x1

...
xN−1

⎤

⎥⎥⎥⎦+

⎡

⎢⎢⎢⎣

w0

w1

...
wN−1

⎤

⎥⎥⎥⎦,

y = Hx+w, (4)

where H is pre-estimated as the channel transfer
matrix.

The equalizer is denoted as G and the output
at the receiver can be expressed as

d̂ = Gy = GHFd+Gw. (5)

Before we introduce the transceiver design, we
adopt the following assumptions:
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Assumption 1 Metadata are delivered cor-
rectly to the receiver (this is reasonable according
to Section 2.1.2).
Assumption 2 Data from different chunks
are mutually uncorrelated; i.e., Rd � E[ddH] is
diagonal.

3D-DCT operation uncorrelates the original
pixel values because it projects the video components
on orthogonal bases, and the non-zero coefficients
after the transform tend to be spatially distributed.
Therefore, it is reasonable to make the assumption
described in Assumption 2.
Assumption 3 The elements of w obey the com-
plex Gaussian distribution CN (0, δ2w), and the cova-
riance matrix of w is Rw � E[wwH] = δ2wI.

The noise is assumed to be Gaussian and white,
and its statistical properties should remain constant
across the OFDM frequency band.
Assumption 4 The video content and the noise
are mutually uncorrelated; i.e., E[dwH] = 0.

Because w is Gaussian white with zero mean,
the linear combination dwH is also Gaussian white
with zero mean.
Assumption 5 Channel matrix H is estimated
at the receiver and fed back to the transmitter.

2.3 Transceiver designs and problem formula-
tion

According to OFDM channel conditions, our
goal is to achieve better performance by allocating
better and more resources to the important chunks.
The resources include transmit power and subcar-
riers with different channel attenuations. Based on
this, we define F as

F = V ΦP , (6)

where V is a unitary precoder, Φ is a diagonal matrix
for power allocation, and P is a permutation matrix
for subcarrier location matching. The entry in the
ith row and �th column of P is denoted as Pi�.

Without loss of generality, we assume that the
number of channel subcarriers is N , which is the
same as that of the chunks retained. In matrix P ,
Pi� = 1 implies that the �th chunk is allocated to the
ith subcarrier, and Pi� = 0 means the opposite.

According to Eqs. (5) and (6), the error vector
at the receiver is

e = d̂− d = (GHV ΦP − I)d +Gw. (7)

Therefore, the mean square error (MSE) is cal-
culated as

ξ(P ,Φ,V ,G) = tr(E[eeH])

= tr
(
(GHV ΦP − I)Rd(GHV ΦP − I)H

)

+ tr(GRwGH). (8)

Taking into account the limited transmit power, i.e.,

tr(FRdF
H) = tr(ΦPRdP

HΦH) ≤ P0, (9)

the problem can be formulated as follows:
Problem 1

min
V ,Φ,P ,G

ξ(P ,Φ,V ,G)

s.t. tr(ΦPRdP
HΦH) ≤ P0. (10)

The objective is to minimize the MSE by finding
an optimal combination of subcarrier matching order
P , power allocation scheme Φ, unitary precoder V ,
and equalizer G. The constraint is that the total
power allocated at the transmitter side is bounded.

The problem can be solved using the Lagrangian
method as follows:

L(P ,Φ,V ,G) = ξ(P ,Φ,V ,G)

+ μ
(
tr(ΦPRdP

HΦH)− P0

)
, (11)

where μ is the Lagrangian multiplier.

3 Perfect channel state information
case

We first develop our design in the case where the
channel is perfectly known at the transmitter and the
receiver.

3.1 Optimal equalizer G

Differentiating L in Eq. (11) with respect to G

and setting it to zero, we obtain

Gopt = RdP
HΦHV HHH

· (Rw +HV ΦPRdP
HΦHV HHH)−1. (12)

By using Lemma II in Lienart (2015), Eq. (12)
becomes

Gopt = (R−1
d + PHΦHZΦP )−1PHΦHV HHHR−1

w ,

(13)
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where Z = V HHHR−1
w HV . The eigenvalue

decomposition of the positive semidefinite matrix
HHR−1

w H is represented as

HHR−1
w H = UΛUH, (14)

and then Z = V HUΛUHV .
According to Lemma I in Lienart (2015), the

inverse term in Eq. (13) is equivalent to

(R−1
d + PHΦHZΦP )−1

= RdP
HΦH(ΦPRdP

HΦH +Z−1)−1 (15)

·Z−1(PHΦH)−1.

Thus, Gopt can be rewritten as

Gopt = RdP
HΦH(ΦPRdP

HΦH +Z−1)−1

·Z−1V HHHR−1
w . (16)

3.2 Optimal precoder F

Substituting Eq. (16) into Eq. (11) and taking
the Woodbury formula, we arrive at

L(P ,Φ,V ,Gopt)

= ξ(P ,Φ,V ,Gopt) + μ(tr(ΦPRdP
HΦH)− P0),

(17)

where

ξ(P ,Φ,V ,Gopt) = tr((ΦHZΦ+ PR−1
d PH)−1).

(18)

3.2.1 Choice of precoder V

Proposition 1 The solution of the optimization
problem:

Vopt = argmin
V

ξ(P ,Φ,V ,Gopt)

s.t. tr(ΦPRdP
HΦH) ≤ P0 (19)

is given by Vopt = U .
Proof ξ(P ,Φ,V ,Gopt) is abbreviated as ξ(V ) for
convenience. Because the power constraint has no-
thing to do with the choice of V , the problem is
equivalent to finding the optimal V that minimizes
ξ(V ).

According to Theorem 9 in Choudhury and Si-
vakumar (2017), ξ(V ) is upper-bounded by

ξ(V ) < tr((ΦHZΦ)−1), (20)

where the upper bound will never be reached because
PR−1

d PH will never be a zero matrix. Furthermore,
the upper bound is rewritten as

tr((ΦHZΦ)−1)=tr((UHV )(ΦΦH)−1(UHV )HΛ−1),

(21)
by plugging in Z = V HUΛUHV .

The diagonal entries of Λ are assumed to be ar-
ranged in non-increasing order. Based on the water-
filling principle, the order of the diagonal entries of Φ
is assumed to be opposite that of Λ. This means that
the diagonal entries of (ΦΦH)−1 are also arranged in
non-increasing order. Therefore, the upper bound is
minimized when UHV = I or V = U (Jafar et al.,
2001).

By Theorem 17.9.4 in Cover and Thomas
(2006), ξ(V ) is lower-bounded by

ξ(V ) ≥ N
∣∣(ΦHZΦ+ PR−1

d PH)−1
∣∣1/N

= N

(
1∣∣ΦHZΦ+ PR−1

d PH
∣∣

)1/N

. (22)

According to Hadamard’s inequality,
∣∣ΦHZΦ+

PR−1
d PH

∣∣ is maximized when the matrix is diago-
nal. Therefore, when V HU is a permutation matrix,
the lower bound is minimized. In this case, the choice
of V is not unique, and V = U is surely one of them.
Corollary 1 PrecoderVopt given by Proposition 1
maximizes the mutual information of the system.

Proof When the symbols within d are Gaussian
distributed, the mutual information of the system
can be written as

I(d̂,x)

= log2

∣∣∣G(HFRdF
HHH +Rw)GH

∣∣∣
|GRwGH| (23)

= log2

∣∣∣GHFRdF
HHHGH(GRwGH)−1+I

∣∣∣.

For any matrices A and B with compatible di-
mensions (Scaglione et al., 2002),

|AB + I| = |BA+ I|. (24)
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Therefore, we obtain

I(d̂,x) = log2

∣∣∣HFRdF
HHHR−1

w + I
∣∣∣

= log2

∣∣∣HV ΦPRdP
HΦHV HHHR−1

w + I
∣∣∣

= log2

∣∣∣ΦPRdP
HΦHV HHHR−1

w HV + I
∣∣∣ (25)

= log2

∣∣∣PRdP
HΦHZΦ+ I

∣∣∣

= log2

(∣∣∣PRdP
H
∣∣∣ ·
∣∣∣ΦHZΦ+PR−1

d PH
∣∣∣
)
.

In the proof of Proposition 1, we know that when
V = U ,

∣∣∣ΦHZΦ + PR−1
d PH

∣∣∣ is maximized. There-
fore, the mutual information is maximized.

3.2.2 Optimal power allocation matrix Φ and
subcarrier matching matrix P

PRdP
H and PR2

dP
H are diagonal matrices.

By choosing Vopt = U , we have Z = Λ, which is
also diagonal. Denoting the ith diagonal entry of
PRdP

H, Φ, and Λ by ρ′i, φi, and λi respectively,
Eq. (17) is equivalent to

min
φi

(L)

= min
φi

(∑

i

ρ′i
1 + |φi|2ρ′iλi

+ μ
(∑

i

|φi|2ρ′i − P0

))
.

(26)

Similar derivations can be found in Scaglione
et al. (1999). Differentiating L in Eq. (26) with re-
spect to |φi|2 and setting it to zero, we arrive at

|φi|2 =

√
1

μρ′iλi
− 1

ρ′iλi
. (27)

Setting
∑

i |φi|2ρ′i to be P0, we obtain the La-
grangian multiplier as

√
μ =

tr(Λ−1/2PR
1/2
d PH)

P0 + tr(Λ−1)
. (28)

Accordingly, we define

φi|opt =

{
α
√
γi, if 0 ≤ γi ≤ Th,

0, otherwise,
(29)

where γi � 1/
√
μρ′iλi−1/(ρ′iλi), Th is a preset thres-

hold, and α is a positive scalar making the equality∑
i φ

2
i ρ

′
i = P0 hold.

Intuitively, it is better to concentrate the limi-
ted power on the most important chunks when the
channel noise becomes stronger. Therefore, we set
Th to be P0γ0/

√
δ2w empirically, where γ0 is the mi-

nimum positive value of γi. The optimal Th will not
be discussed here because it is not the core issue in
our design.

Plugging Eqs. (27) and (28) into the MSE part
of Eq. (26) yields

(tr(Λ−1/2PR
1/2
d PH))2

P0 + tr(Λ−1)
. (30)

Based on Eq. (30), the optimal P is the matrix
that causes the following condition to hold:

ρ′i ≥ ρ′�, if λi ≥ λ�, ∀ i, � ∈ [1, N ]. (31)

This is because when condition (31) is met,
tr(Λ−1/2PR

1/2
d PH) is minimized according to the

rearrangement inequality, and therefore the MSE in
Eq. (30) is minimized. Table 1 summarizes the de-
sign parameters.

4 Imperfect channel state information
case

For practical systems, the channel cannot be
estimated perfectly.

We now consider the case where channel estima-
tion error exists. The feedback channel is assumed to
be ideal. In this scenario, the receiver and the trans-
mitter have the same estimate of the real channel
with

Ĥ = H +Ξ, (32)

Table 1 Design parameters for the perfect channel state information case

Precoder F

V Vopt = U U is given by Eq. (14)

Φ φi|opt =

{
α
√
γi, if 0 ≤ γi ≤ Th,

0, otherwise.
γi and α are given by Eq. (29)

P Popt is a permutation matrix satisfying condition (31)

Equalizer G Gopt = RdP
H
optΦ

H
opt

(
ΦoptPoptRdP

H
optΦ

H
opt +Λ−1

)−1
Λ−1V H

optH
HR−1

w Λ is given by Eq. (14)
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where Ĥ is the estimated one, Ξ = [ε1, ε2, . . . , εN ]

is the corresponding error which is independent of
Ĥ , and ε1, ε2, . . . , εN are channel estimation errors
of size N from CNN (0N×1,Rε).

Before we discuss the design for the imperfect
CSI case, let us introduce some notations and a the-
orem, all of which can be found in Gupta and Nagar
(1999).
Definition 1 For matrix A ∈ R

P×Q, vec(A) is
a PQ× 1 vector and is defined as

vec(A) =

⎡

⎢⎢⎢⎣

a1

a2

...
aQ

⎤

⎥⎥⎥⎦, (33)

where aq is the qth column of A.
Definition 2 Random matrix A ∈ R

P×Q is
said to have a matrix variate normal distribution
with mean matrix M ∈ R

P×Q and covariance matrix
Σ ⊗Ψ , where Σ ∈ R

P×P � 0 and Ψ ∈ R
Q×Q � 0 if

vec(AT) ∼ CNPQ(vec(MT),Σ ⊗ Ψ ). Equivalently,
we say A ∼ CNPQ(M ,Σ ⊗ Ψ ).
Theorem 1 For random matrix A ∈ R

P×Q ∼
CNPQ(M ,Σ ⊗ Ψ ), the following equation holds
(Gupta and Nagar, 1999):

EA[ABAH] = tr(BHΨ )Σ +MBMH, (34)

where B is a Q ×Q matrix.
From Definitions 1 and 2, we have

Ξ ∼ CNNN (0N×N ,Rε ⊗ IN ). (35)

In this section, the precoder and equalizer ma-
trices are marked with the hat symbol ‘^’ to diffe-
rentiate the imperfect CSI case from the perfect CSI
case. Plugging Eq. (32) into Eq. (8) yields

ξ(P̂ , Φ̂, V̂ , Ĝ)

= tr((Ĝ(Ĥ−Ξ)V̂ Φ̂P̂−I)Rd(Ĝ(Ĥ−Ξ) (36)

· V̂ Φ̂P̂−I)H) + tr(ĜRwĜH).

Taking the expectation of Eq. (36) over
Ξ, we arrive at Eq. (37) (see the bottom of
this page), where step (a) is based on Theo-
rem 1 (i.e., EΞ

[
ΞΦ̂P̂RdP̂

HΦ̂HΞH
]

is equal to
tr(Φ̂P̂RdP̂

HΦ̂H)Rε), and step (b) is obtained by de-
noting tr(Φ̂P̂RdP̂

HΦ̂H)Rε +Rw as R̂w. Here, we
fully make use of the power, i.e., tr(Φ̂P̂RdP̂

HΦ̂H) =

P0, and then R̂w = P0Rε +Rw.
Problem 1 (described in Eq. (10)) is adjusted

for the imperfect CSI case. Then we arrive at the
following problem formulation:
Problem 2

min
V̂ ,Φ̂,P̂ ,Ĝ

EΞ

[
ξ(P̂ , Φ̂, V̂ , Ĝ)

]

s.t. tr(Φ̂P̂RdP̂
HΦ̂H) ≤ P0. (38)

The corresponding Lagrangian function can be
expressed as

L̂(P̂ , Φ̂, V̂ , Ĝ) = EΞ

[
ξ(P̂ , Φ̂, V̂ , Ĝ)

]

+ μ̂
(
tr(Φ̂P̂RdP̂

HΦ̂H)−P0

)
, (39)

where μ̂ is the Lagrangian multiplier.
Using derivations similar to those for the perfect

CSI case, we obtain the optimal equalizer Ĝ with
imperfect CSI, which is expressed as

Ĝopt = RdP̂
HΦ̂H(Φ̂P̂RdP̂

HΦ̂H + Ẑ−1)−1

· Ẑ−1V̂ HĤHR̂−1
w , (40)

where Ẑ = V̂ HÛΛ̂ÛHV̂ , Û , and Λ̂ are the matrices
resulting from the eigenvalue decomposition:

ĤHR̂−1
w Ĥ = ÛΛ̂ÛH. (41)

Substituting Eq. (40) into Eq. (39) yields

L̂(P̂ , Φ̂, V̂ , Ĝopt) = EΞ

[
ξ(P̂ , Φ̂, V̂ , Ĝopt)

]

+ μ̂
(
tr(Φ̂P̂RdP̂

HΦ̂H)−P0

)
, (42)

EΞ

[
ξ(P̂ , Φ̂, V̂ , Ĝ)

]
= tr(ĜĤV̂ Φ̂P̂RdP̂

HΦ̂HV̂ HĤHĜH)− tr(ĜĤV̂ Φ̂P̂Rd)− tr(RdP̂
HΦ̂HV̂ HĤHĜH)

+ tr
(
Ĝ
(
EΞ

[
ΞV̂ Φ̂P̂RdP̂

HΦ̂HV̂ HΞH])ĜH
)
+ tr(ĜRwĜH)

(a)
= tr(ĜĤV̂ Φ̂P̂RdP̂

HΦ̂HV̂ HĤHĜH)− tr(ĜĤV̂ Φ̂P̂Rd)− tr(RdP̂
HΦ̂HV̂ HĤHĜH)

+ tr(Φ̂P̂RdP̂
HΦ̂H)tr(ĜRεĜ

H) + tr(ĜRwĜH) (37)
(b)
= tr(ĜĤV̂ Φ̂P̂RdP̂

HΦ̂HV̂ HĤHĜH)− tr(ĜĤV̂ Φ̂P̂Rd)

− tr(RdP̂
HΦ̂HV̂ HĤHĜH) + tr(ĜR̂wĜH).
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where

EΞ

[
(P̂ , Φ̂, V̂ , Ĝopt)

]
= tr((Φ̂HẐΦ̂+ P̂R−1

d P̂H)−1).

(43)

Denote the ith diagonal entries of Φ̂, P̂RdP̂
H,

and Λ̂ by φ̂i, ρ̂′i, and λ̂i, respectively. Because
Eq. (42) is similar to Eq. (17), according to Pro-
position 1 and the discussion in the perfect CSI case,
we have

V̂opt = Û , (44)

φ̂i|opt =

{
α̂
√
γ̂i, if 0 ≤ γ̂i ≤ T̂h,

0, otherwise,
(45)

where α̂ is a positive scalar that makes
∑

i φ̂
2
i ρ̂

′
i =

P0 hold, γ̂i � 1/

√
μ̂ρ̂′iλ̂i − 1/(ρ̂′iλ̂i), T̂h is a preset

threshold with the value P0γ̂0/
√
δ2w, and γ̂0 is the

minimum positive value of γ̂i.
The Lagrangian multiplier is calculated as

√
μ̂ =

tr(Λ̂−1/2P̂R
1/2
d P̂H)

P0 + tr(Λ̂−1)
. (46)

The optimal P̂ is the matrix that causes the
following condition to hold:

ρ̂′i ≥ ρ̂′�, if λ̂i ≥ λ̂�, ∀ i, � ∈ [1, N ]. (47)

Table 2 summarizes the parameters for the im-
perfect CSI case.

5 Simulations

In this section, SoftCast is chosen for compari-
son due to its advantages compared with conventio-
nal video coding schemes like MRC, SVC-HM, and
MPEG-4, and its advantages compared with the tra-
ditional codeword mapping technologies like BPSK
and QAM. We use two metrics to evaluate our de-
sign: peak signal-to-noise ratio (PSNR) and video
structural similarity (VSSIM) index. PSNR is widely

used to measure the quality of a specific image/video
scheme, and can be calculated as

PSNR = 10 lg
(2M − 1

MSE

)
dB, (48)

where MSE is the mean square error between the
reconstructed pixels and the original pixels, and M

represents the number of bits used to encode each
pixel, typically 8 bits for monochrome images/videos
and 24 bits for RGB color images/videos.

It is worth mentioning that the MSE term in
the PSNR formula is different from that in the sy-
stem design. The former is related to the pixel data,
whereas the latter is related to 3D-DCT coefficients.
They are positively correlated without a straightfor-
ward relationship.

The VSSIM index uses structural distortion for
quality evaluation, which can be calculated as

VSSIM index =

∑NF

�=1 W�Q�∑NF

�=1 W�

, (49)

where NF is the number of frames in the video se-
quence, Q� denotes the quality index measure of the
�th frame, and W� is the corresponding weight. The
calculations of these parameters can be found in
Wang et al. (2004). The motion vector needed to
compute the VSSIM index is calculated according to
Ribas-Corbera and Neuhoff (2001). Compared with
the PSNR, the VSSIM index is a measurement closer
to human perception. The value range of the VSSIM
index is between 0 and 1, where a higher value is
better.

The two testing monochrome videos, na-
med ‘Tennis’ and ‘Football’, were chosen from
the standard reference video library built by the
Center for Image Processing Research (http://
www.cipr.rpi.edu/resource/sequences/sif.html). As
shown in Fig. 3, the two different sets of CIRs, na-
med Channel I and Channel II, were collected from
the sea trials depicted in Hu et al. (2016). The trans-
mitter and the receiver were placed at a distance of

Table 2 Design parameters for the imperfect channel state information case

Precoder F̂

V̂ V̂opt = Û Û is given by Eq. (41)

Φ̂ φ̂i|opt =

{
α̂
√
γ̂i, if 0 ≤ γ̂i ≤ T̂h,

0, otherwise.
γ̂i and α̂ are given by Eq. (45)

P̂ P̂opt is a permutation matrix satisfying condition (47)

Equalizer Ĝ Ĝopt = RdP̂
H
optΦ̂

H
opt

(
Φ̂optP̂optRdP̂

H
optΦ̂

H
opt + Λ̂−1

)−1
Λ̂−1V̂ H

optĤ
HR̂−1

w Λ̂ is given by Eq. (41)
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Fig. 3 Channel impulse responses collected at Taiwan
Strait in July 2014: (a) Channel I; (b) Channel II;
(c) H(u,v) in Channel I; (d) H(u, v) in Channel II.
References to color refer to the online version of this
figure

30 km, and thus we set P0 to be 60 dBm (1000 W).
We also tested our design and SoftCast under the
channels generated by the model presented in Ber-
ger et al. (2010), which is expressed as

h(τ, t) =

Nd∑

p=1

Apδ(τ − (τp − apt)), (50)

where Nd is the number of dominant discrete paths,
Ap is the amplitude of path p, and ap is the path
dependent Doppler rate. Note that the channel con-
ditions deteriorate from the channel generated by
Eq. (50) to Channel I, and then to Channel II.

Table 3 summarizes some common parameters.

5.1 Perfect CSI case

As depicted in Fig. 4, for the Tennis video, our
design achieves a 6–7 dB gain using the channels

Table 3 Simulation parameters

Parameter Value

Number of 128
subcarriers

Video resolution 240×352
T 4

Chunk size 30×44
Number of chunks 64

per frame
Ratio of chunks 50%

retained
Nd 15
Ap CN (0, 1) with tap power decreasing

20 dB in 40 ms and
∑

p A2
p = 1

τp Poisson distribution with
mean 1× 103 (within 1 s)

ap N (1× 10−3, 6.7× 10−4)

generated by Eq. (50), an 8 dB gain under Chan-
nel I, and a 9 dB gain under Channel II compa-
red with SoftCast in terms of average PSNR. The
average VSSIM index increases by about 0.20, 0.25,
and 0.29, respectively.

With respect to the Football video, according to
Fig. 5, the average VSSIM index increases by about
0.21, 0.27, and 0.27, accompanied by average PSNR
gains of about 6 dB, 7 dB, and 9 dB, under the chan-
nels generated by Eq. (50), Channel I, and Chan-
nel II, respectively.

We found that the average PSNR becomes worse
when the channel conditions deteriorate (from chan-
nels generated by Eq. (50), to Channel I, then to
Channel II) under the same δ2w for SoftCast. This is
because the power loading method in SoftCast does
not depend on the channel conditions. This makes
SoftCast vulnerable in this atrocious transmission
environment, whereas a contrary phenomenon was
seen for our design when δ2w ≥ 40; i.e., the average
PSNR improves when the channel conditions deteri-
orate. This is because when the channel conditions
deteriorate, the chunks with the highest energy are
allocated with a greater proportion of the power,
which makes them more resilient to channel noise.
Although most of the chunks with lower energy are
easily buried in the noise in this case, the system
performance is improved because those important
chunks account for the vast majority of the MSE.
However, when δ2w is small (the noise is low), the
channel conditions are better, more details of the
videos (the chunks with lower energy) are retained,
and the important chunks are protected. Thus, all
designs have similar performance. The aforemen-
tioned phenomenon does not apply for the average
VSSIM index. This is because our design is deri-
ved based on a data-distortion criterion (MMSE),
and the PSNR is a metric based on data distortion,
whereas VSSIM is more about structural distortion.

Aside from those cold data, let us look directly
at the videos. As shown in Fig. 6, the frame qua-
lity reconstructed by our design outperforms that
reconstructed by SoftCast under the same conditi-
ons. From Figs. 6b and 6e, we find that ECast fails
to reconstruct the frames under Channel II.

5.2 Imperfect CSI case

Without loss of generality, the channel estima-
tion error is assumed to be additive white. We define
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Fig. 4 Performance comparison of the Tennis video:
(a) average PSNR; (b) average VSSIM index

an index called the channel-to-error ratio (CER) (si-
milar to SNR), which can be calculated as

CER = 10 lg
(Average power of H

Average power of Ξ

)
dB. (51)

From Figs. 7 and 8, we have the following ob-
servations.

For both cases, our design outperforms SoftCast
when CER is larger than or equal to 0 dB in terms
of PSNR and −4 dB in terms of the VSSIM index.

For both videos, the average PSNR of our design
drops below the SoftCast baseline when CER is less
than or equal to −2 dB under the channels generated
by Eq. (50), −4 dB under Channel I, and −8 dB
under Channel II.

For both videos, the average VSSIM index of our
design drops below the SoftCast baseline when CER
is less than or equal to −6 dB under the channels
generated by Eq. (50) and −8 dB under Channel I.
With respect to Channel II, when CER is within the
range [−8,+∞) dB, our design has a higher average
VSSIM index.
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Fig. 5 Performance comparison of the Football video:
(a) average PSNR; (b) average VSSIM index

Comparing the curves related to the three dif-
ferent CIRs, the performance of our design improves
when the channel conditions deteriorate. As shown
in Eq. (37), the imperfect CSI case can be regarded
as a prefect CSI case with an effective noise whose
covariance matrix is R̂w = P0Rε + Rw. Based on
our earlier discussion in the perfect CSI case, it is
little wonder that we see such a phenomenon.

Let us look at the snapshots of the reconstructed
videos. As shown in Figs. 9 and 10, the frames recon-
structed by SoftCast and ECast are mottled, whereas
the frames reconstructed by our design are smoot-
her. The actual video-viewing experience using our
design is better compared with that of SoftCast, even
when our PSNR or VSSIM index is lower than the
SoftCast baseline. ECast also fails to reconstruct
the frames under Channel II when the CSI is im-
perfect. Figs. 7–10 reflect that, compared with the
PSNR, the VSSIM index is more consistent with the
characteristics of human vision.
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(a) (b) (c)

(d) (e) (f)

Fig. 6 Snapshots of the videos reconstructed at the receiver (under Channel II, δ2
w = 50): the 80th frame of

the Tennis video reconstructed by SoftCast (a), ECast (b), and our design (c); the 50th frame of the Football
video reconstructed by SoftCast (d), ECast (e), and our design (f)
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Fig. 7 Performance comparison of the Tennis video
between SoftCast and our design with imperfect chan-
nel state information (δ2

w = 50): (a) average PSNR;
(b) average VSSIM index
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Fig. 8 Performance comparison of the Football video
between SoftCast and our design with imperfect chan-
nel state information (δ2

w = 50): (a) average PSNR;
(b) average VSSIM index
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(a) (b) (c)

(d) (e) (f)

Fig. 9 Direct-vision comparison with imperfect channel state information: snapshots of the 80th frame of the
Tennis video reconstructed at the receiver (under Channel II and δ2

w = 50) by SoftCast (a), ECast with CER
= −2 dB (b), ECast with CER = −4 dB (c), our design with CER = −2 dB (d), our design with CER =

−4 dB (e), and our design with CER = −6 dB (f)

(a) (b) (c)

(d) (e) (f)

Fig. 10 Direct-vision comparison with imperfect channel state information: snapshots of the 50th frame of
the Football video reconstructed at the receiver (under Channel II and δ2

w = 50) by SoftCast (a), ECast with
CER = −2 dB (b), ECast with CER = −4 dB (c), our design with CER = −2 dB (d), our design with CER
= −4 dB (e), and our design with CER = −6 dB (f)

6 Conclusions

In this paper, we have proposed a new video
transceiver over underwater fading channels. The
design was first studied based on the perfect CSI
case, and then extended to the case of an imperfect

CSI case. The optimal subcarrier matching orders
and power allocation schemes were similar for both
cases by theoretical analysis. Experimental results
revealed that, by using the CSI, our design outper-
forms the existing SoftCast and is resistant to chan-
nel estimation error.
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Appendix: Process at the video source
encoder

In this appendix, we describe the procedure per-
formed at the video source encoder.

Suppose that the video resolution is H × W
pixels per frame. Every T successive frames are trea-
ted as a group. Denote the pixel in row i, column � of
the kth frame in the group as I(i, �, k). The 3D-DCT
coefficients are calculated as

I3D(a, b, c) =

H−1∑

i=0

W−1∑

�=0

T −1∑

k=0

I(i, �, k)fH(i, a)fW(�, b)fT (k, c),

(A1)
where

fN (p, q) =

⎧
⎨

⎩

1√
N , if q = 0,√
2
N cos

(
π(2p+1)

2N q
)
, if q �= 0.

(A2)

Each chunk is denoted as an HC × WC matrix
with the number of coefficients NC = HCWC. Sup-
pose that NH � H/HC and NW � W/WC are posi-
tive integers. Therefore, there are NHNWT chunks
related to a group. Denote the kth chunk by C(k),
where the entry in the mth row and nth column is

C(k)
m,n = I3D

((
g(k,NH)− 1

)
NH +m,

(
g
(⌈ k

NH

⌉
, NW

)
− 1

)
NW + n,

⌈�k/NH

NW

⌉)
,

(A3)

where �·
 is the ceiling function that outputs the least
integer greater than or equal to the corresponding
variable, and

g(p, q) =

{
q, if �p

q � =
p
q ,

p− q · �p
q �, otherwise,

(A4)

where p and q are positive integers, and �·� is the
floor function that outputs the greatest integer less
than or equal to the corresponding variable.

The energy and average of the kth chunk are
respectively calculated as

Eng(C(k)) =

HC∑

m=1

WC∑

N=1

|C(k)
m,n|2, (A5)

C̄(k) =
1

NC

HC∑

m=1

WC∑

N=1

C(k)
m,n. (A6)

To lighten the burden on bandwidth resources,
we retain N chunks with the largest energy. If the
kth chunk is the nth chunk retained, we remove the
mean from the chunk and obtain a new chunk as

C̃(n) = C(k) − C̄(k). (A7)

The new chunk will be rewritten to a row vector
denoted as d̃T

n in a zig-zag order (the scanning path
of the zig-zag order is given at the lower right corner
of Fig. 2). Then we have

D = [d̃1, . . . , d̃n, . . . , d̃N ]T. (A8)
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