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ABSTRACT
Recently, hybrid digital-analog (HDA) video transmission
scheme has shown advantages in avoiding the cliff effect.
However, most HDA schemes assume perfect transmission of
digital signals, which is hardly the case in practice. This paper
proposes a scheme named RDE-HDA that recursively esti-
mates the decoder-side distortion from the encoder-side for
HDA system, and both transmission error and superposition
process of digital and analog parts are taken into considera-
tion. Therefore, our method does not require the digital part
of the HDA output to be transmitted losslessly, making the
HDA more practical. We derive the closed-form expression
of the recursive distortion estimation for HDA system. The
accuracy of our method is verified by simulation results.

Index Terms— Distortion estimation, hybrid digital-
analog, superposed modulation, video coding, video trans-
mission.

1. INTRODUCTION

Wireless video transmission has been increasingly popu-
lar in recent years. Conventional digital communication sys-
tems suffer from the quality saturation effect and cliff effec-
t [1]. In [2],[3], an analog-like transmission method called
Softcast is proposed to overcome the disadvantage of con-
ventional digital schemes. Softcast directly transmits the lin-
ear transform of the video signal by amplitude modulation
without using quantization and entropy coding. Therefore the
video quality is linearly related to the channel signal-to-noise
ratio (CSNR). However, the compression efficiency of Soft-
cast is quite low, which leads to lower video quality than dig-
ital schemes at the same channel bandwidth.

Recently, HDA transmission scheme is proposed to in-
tegrate the advantages of both digital and analog methods
[4],[5]. The basic idea of HDA transmission is to transmit
the quantization errors of digital signals in an analog mode
by the aforementioned Softcast, while the digital part is dealt
with by the conventional digital source coding. Then, the su-
perposition of the digital part and analog part is transmitted

over the noisy channel. Note that, the digital part is assumed
to be decoded losslessly under a required CSNR.

It should be noted that the assumption of perfect transmis-
sion for the digital part poses strong constraints for HDA. For
instance, the bit-error-rate (BER) of digital transmission is re-
quired to be lower than a threshold such as 10−8 in [5]. To
meet this requirement on BER, HDA usually adopts high-rate
channel coding, strong modulation, retransmission, or large
power for the digital part, but these approaches reduce the ef-
ficiency of the system.

In many joint source-channel coding schemes, the goal
is to reduce the end-to-end distortion (EED) [6]. In [7-9], a
recursive optimal per-pixel estimation (ROPE) method is pro-
posed to estimate the decoder-side distortion from the encoder
side. Many methods have been developed to generalize the
ROPE algorithm. For example, in [11], some approximations
are proposed to reduce the complexity of ROPE when sub-
pixel motion estimation is used. A fast recursive algorithm to
estimate the decoder-side distortion of each frame with pack-
et loss is also proposed in [6]. In [10], the ROPE method is
generalized to estimate the decoder-side distortion of the syn-
thesized virtual views in multiview video transmission.

In this paper, we generalize the ROPE algorithm to H-
DA, and propose a recursive distortion estimation method for
HDA-based video transmission, abbreviated as RDE-HDA.
First, we consider the distortion due to the superposition
adopted in HDA system; second, we derive the closed-form
expression of the video distortion by considering both trans-
mission error and superposition error. To our best knowledge,
this is the first paper on the recursive end-to-end distortion
estimation of the HDA scheme. Experimental results show
that the distortion estimation of our scheme is very accurate.

2. RELATE WORK

2.1. HDA system review

Fig. 1 shows the framework of HDA, consisting of the
digital and analog parts in both the encoder and decoder. The
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Fig. 1. The framework of HDA system.

video is first processed by H.264/AVC video encoding, for-
ward error correction (FEC), modulation (such as BPSK), and
obtain the modulated digital signal Xcd. Next, the residual Xa
between the original signal X and the error-free reconstruct-
ed digital signal Xd is obtained. It is then processed follow-
ing the idea of Softcast. Softcast operates on small blocks,
and each frame is divided into blocks of 8×8 pixels in this
paper. First, the DCT transform is performed to remove the
spatial redundancy of video frame and obtain the DCT coef-
ficients for blocks. To simplify the notation, the DCT out-
put of i-th block in frame n is represented by a 64×1 vector
Xa(i, n). Then, a power allocation algorithm is employed to
scale Xa(i, n). These scaled vectors are assigned to packets
and multiplied by a Hadamard transform matrix H during the
process of whitening to get equal power packets. Thus, the
transmitted analog signal is

Xca(i, n) = HGXa(i, n) (1)

where G is a diagonal matrix and the k-th diagonal entry gk is
obtained by minimizing the reconstruction distortion [2]:

gk =

√
Pa√

λk

∑
j

√
λj

(2)

where λj and Pa are the j-th diagonal element of the DCT co-
efficient covariance matrix and the total power of each block.

The transmitted signal Xc(i, n) is the sum of analog signal
Xca(i, n) and the modulated digital signal Xcd(i, n), i.e.,

Xc(i, n) = Xca(i, n) + Xcd(i, n) (3)

After that, the superposition signals are transmitting into
wireless channel. We assume OFDM system is used. There-
fore the channel can be converted into some sub-channels,
and the noise in each sub-channel can be considered as ad-
ditive white Gaussian noise (AWGN), which follows normal
distribution, i.e., N ∼N(0, σ2). The received signal is

X̃c(i, n) = Xc(i, n) + N(i, n) (4)

At the decoder, the received superposed signals X̃c is first-
ly demodulated to obtain the digital signal by treating the ana-
log signal as noise. Then, the received digital signal is de-
ducted from the superposed signals to obtain the analog sym-
bols. For the analog signal, the decoder adopts a linear least
square estimator (LLSE) to remove the noise, before apply-
ing inverse DCT to reconstruct the analog signal. Finally, the
source sequence is reconstructed via the superposition of the
decoded digital signal and analog signal, as shown in (5).

X̃(i, n) = X̃a(i, n) + X̃d(i, n) (5)

2.2. Overview of the ROPE scheme

In single-view video transmission, the ROPE method
aims to estimate the decoder-side distortion due to transmis-
sion errors from the encoder-side. Let X(m, i, n) denotes the
known m-th pixel in the i-th block of the n-th uncompressed
frame, X̂(m, i, n) and X̃(m, i, n) represent the pixel value
reconstructed by the encoder and decoder, respectively. Us-
ing the mean squared error (MSE) as distortion metric, the
expected decoder-side distortion

ED(m, i, n) =E{(X(m, i, n)−X̃(m, i, n))2}

=X(m, i, n)2−2X(m, i, n)E{X̃(m, i, n)}

+E{X̃(m, i, n)2}

(6)

This shows that the expected distortion is characterized
by the first and second moments of X̃(m, i, n), which can be
recursively obtained, depending on whether the pixel is intra-
coded or inter-coded.

First, we consider intra-coded pixels. If a pixel is received
correctly, the decoder reconstruction is the same as the en-
coder reconstruction, i.e., X̃(m, i, n) = X̂(m, i, n). Other-
wise, the ROPE method uses the co-located pixel from the
previously reconstructed frame as the reconstruction of the
missing pixel, i.e., X̃(m, i, n) = X̃(m, i, n − 1). Thus, the
two moments (k = 1, 2) can be written as

E{X̃(m, i, n)k} =(1− p)X̂(m, i, n)k

+ pE{X̃(m, i, n− 1)k}
(7)

where p is the packet loss rate of the frame.
For a pixel in an inter-coded MB, we have

X̃(m, i, n) =

{
ê(m, i, n) + X̃(m′, j, n− 1) pixel received
X̃(m, i, n− 1) pixel lost

(8)
where ê(m, i, n) is the encoder-side reconstructed motion-

compensated residual signal for the pixel, and X̃(m′, j, n−1)
is the reference pixel in frame n − 1 pointed by the motion
vector for pixel X̃(m, i, n). The two moments (k = 1, 2) are

E{X̃(m, i, n)k} =(1−p)E{(ê(m, i, n)+X̃(m′, j, n−1))k}

+pE{X̃(m, i, n−1)k}
(9)

From (6) to (9), the encoder can recursively estimate the
expected distortion of each reconstructed pixel of the decoder.

1744



3. THE PROPOSED RDE-HDA SCHEME

In this section, we generalize ROPE method to HDA-
based transmission, resulting in a Recursive Distortion Esti-
mation for HDA system (RDE-HDA). We assume that both
analog signals and digital signals are affected by channel
noise, and the transmission channel matches the receiver, i.e.,
consumers can receive all the superposed signals.

Based on the HDA framework, we can get the relationship
of the digital signal, analog signal and superposition signal in
encoder and decoder from Eqs. (4) and (5), respectively. Sim-
ilar to ROPE method, the expected distortion of m-th pixel in
the i-th block of frame n can be expressed as

EDHDA(m, i, n) = E{(X(m, i, n)−X̃(m, i, n))2}

=E{(Xa(m, i, n)−X̃a(m, i, n))2}+Xa(m, i, n)2

+E{(X(m, i, n)−X̃d(m, i, n))2}

+2E{Xa(m, i, n)−X̃a(m, i, n)}E{X(m, i, n)−X̃d(m, i, n)}

−2E{Xa(m, i, n)−X̃a(m, i, n)}Xa(m, i, n)

−2E{X(m, i, n)−X̃d(m, i, n)}Xa(m, i, n)

(10)

This shows that the expected distortion in HDA is char-
acterized by the value of X(m, i, n) and the first and sec-
ond moments of Xa(m, i, n)−X̃a(m, i, n) and X(m, i, n)−
X̃d(m, i, n). Xa(m, i, n) is known in the encoder, and the
distortion of digital signal and analog signal can be expressed
as EDd(m, i, n) and EDa(m, i, n), respectively. Similar to
Eq. (6), the expected distortion of the digital signal is

EDd(m, i, n) =E{(X(m, i, n)−X̃d(m, i, n))2}

=X̃(m, i, n)2+E{X̃d(m, i, n)2}

−2X(m, i, n)E{X̃d(m, i, n)}

(11)

Similar to Eq. (9), by assuming the transmission bit error
rate is p, the encoder can recursively estimate the expected
distortion of each reconstructed pixel of the digital signal at
the decoder. The analog signal distortion EDa(m, i, n) is

EDa(m, i, n) =E{(Xa(m, i, n)−X̃a(m, i, n))2}

=E{(Xa(m, i, n)−X̂a(m, i, n)

+X̂a(m, i, n)−X̃a(m, i, n))2}

(12)

where X̂a(m, i, n) and X̃a(m, i, n) represent analog signal
after power allocation at the encoder and the corresponding
noisy analog signal at the decoder, respectively. From the
Softcast method we can know that each signal X̂a(m, i, n)

and X̃a(m, i, n) can be expressed as Eq. (13), according to
the power allocation and transmission method in Softcast.

X̂a(m, i, n) = gmXa(m, i, n)

X̃a(m, i, n) = X̂a(m, i, n) +N(m, i, n)
(13)

We divide the analog distortion into two aspects: the first
is due to power allocation in Softcast, and the second is due
to the transmission error. The first distortion of the m-th pixel
in the i-th block of the n-th frame is denoted as D∗

a(m, i, n),
and can be expressed as

ED∗
a(m, i, n) = E{(Xa(m, i, n)−X̂a(m, i, n))2}

= (1−gm)2E{X2
a(m, i, n)}

(14)

In addition, the analog signal transmission power of the
m-th pixel in the i-th block of the n-th frame is

Pa(m, i, n) = g2mE{X2
a(m, i, n)} (15)

From Eqs.(13) to (15), D∗
a(m, i, n) can be expressed as

ED∗
a(m, i, n) = E{(Xa(m, i, n)−

√
Pa(m, i, n))2} (16)

Thus, the expected distortion of HDA can be expressed as

EDHDA(m, i, n) = E{(X(m, i, n)−X̃(m, i, n))2}

=EDd(m, i, n)+σ2−2σ∗
√
EDd(m, i, n)

−2∗
√

Pa

l
∗
√

EDd(m, i, n)+2∗
√

Pa

l
∗σ+Pa

l

(17)

In Eq. (17), EDd(m, i, n) can be recursively estimated
through Eq. (11) in the encoder side; σ can be estimated
using the standard channel estimation method for OFDM. Pa

is the total power in the block of Softcast. l is the block size in
Softcast, and equal to 64 in this paper. Thus, all the variables
are known and we can accurately estimate the decoder-side
distortion of HDA at the encoder side.

In addition, the theoretical BER p of BPSK modulation in
AWGN channel is needed when estimating distortion at the
encoder, and it can be described as

BER =
1

2
∗ erfc(√γ) (18)

where γ is the CSNR in AWGN channel.

4. SIMULATION RESULTS

In this section, we evaluate the performance of the pro-
posed RDE-HDA scheme by comparing the estimated distor-
tion of our method at the encoder with the simulated distortion
at the decoder. For the digital part, we employed the JM 19.0
of H.264/AVC codec to encode it. We only use single ref-
erence frame in motion estimation. The first frame is coded
as I-frame, and all remaining frames are coded as P-frames.
The testing sequences contain CIF format and 720P format
at 30 fps. The quality metric used in this paper are the Mean
Squared Error (MSE), Peak Signal-To-Noise Ratio (PSNR)
and the average MSE mismatch ratio (AMMR):

AMMR =
1

N

N∑
n=1

∣∣∣EDest(n)− EDsim(n)

EDsim(n)

∣∣∣ (19)

1745



 Frame lndex

0 20 40 60 80 100

M
S

E

49

50

51

52

53

54

55

56

57

Simulated

Estimated

 Frame lndex

0 20 40 60 80 100

M
S

E

1.9

1.95

2

2.05

2.1

2.15

2.2

Simulated

Estimated

(a)Foreman (b)Akiyo

Fig. 2. Performance comparisons for the RDE-HDA method.
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Fig. 3. Performance comparisons between the RDE-HDA,
Softcast [2] and HDA-cast [4] with different CSNRs.

where N is the number of frames in the sequence, EDest(n)
is the encoder-estimated MSE for frame n, and EDsim(n)
is the receiver-side MSE for frame n obtained by simulation
and averaged over multiple experiments. Only the luminance
component is used in the MSE calculation.

4.1. RDE-HDA model performance

In this part, we test the performance of our proposed
RDE-HDA model with different sequences. Fig. 2 shows the
MSE performance of Foreman and Akiyo sequences, where
the CSNR is 0 dB and 10 dB, respectively. Their AMMRs
are only 0.28% and 0.32%, respectively. It can be seen that
the estimated distortion at the encoder matches the actual
decoder-side distortion quite well.

We also compare proposed RDE-HDA method with tra-
ditional digital scheme in Table I, where the CSNR=10 dB is
taken as an example and only ROPE method is used in digi-
tal scheme. The results show that proposed method achieves
better MSE performances meanwhile the estimated distortion
is pretty precise.

4.2. AMMR for different sequences

In this part, we measure the estimation accuracy of our
proposed RDE model for HDA-based transmission with more
sequences and channel conditions. We choose seven se-
quences including CIF and 720P format, and CSNRs are
3 dB and 10 dB as example. Table II presents the AMMR
performance. The results show that the performance of our

Table 1. MSE Of Digital Scheme and RDE-HDA method

Sequence Digital scheme RDE-HDA scheme
Sim. Est. Sim. Est.

Akiyo 19.97 19.98 3.58 3.63
Foreman 35.54 35.35 5.24 5.31
Football 39.27 41.08 5.12 5.18
Kendo 9.44 9.46 2.04 2.09

Table 2. AMMR (%) of the RDE-HDA method

Sequence Akiyo Balloons Bus Football
CSNR= 3dB 0.33 0.47 0.71 0.82
CSNR=10dB 1.60 0.73 0.86 1.21

Sequence Foreman News Kendo Average
CSNR= 3dB 0.32 0.30 1.81 0.68
CSNR=10dB 1.24 1.31 2.03 1.28

method is quite accurate. It also can be seen that the AMMR
in CSNR=10 dB is higher than CSNR=3 dB. It is because
that the EDsim(n) in CSNR=10 dB is quite smaller than C-
SNR=3 dB in Eq. (18), though the average encoder-estimated
MSE and receiver-side MSE is in the same level.

5. CONCLUSION

In this paper, we propose a RDE-HDA method to re-
cursively estimate the decoder-side distortion of HDA video
transmission from the encoder by allowing transmission error
in the digital signal part, making HDA system more practical.
Experimental results show that the accuracy of the proposed
distortion estimation scheme is satisfactory.

For future work, we will consider adopting power allo-
cation in the proposed method to reduce the distortion, and
the results in this paper could provide valuable insights into
decoder-side distortion estimation from a theoretical perspec-
tive, and help to guide other relevant programs which involve
HDA-based transmission in the future.
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