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Conventional bit transmission sends all source content as bit se-

quences, while semantic communication selectively transmits only

task-relevant information, reducing data volume and spectrum us-

age. Therefore, semantic communications are regarded as a poten-

tial method to improve transmission efficiency [1,2]. Some research

has focused on evolutionary schemes from bit communications to

semantic communications. Semantic communications are used to

transmit large data content, such as augmented reality (AR), while

conventional bit communications are used to transmit other small

data content [3]. However, current joint source-channel coding

(JSCC) methods map source content from the APP layer directly

to symbols in the PHY layer for wireless transmission, which poses

significant integration challenges in standardized layered frame-

works and hinders their practical deployment.

To enhance transmission efficiency while ensuring compatibil-

ity with existing communication infrastructures, this study pri-

marily investigates a hybrid bit and semantic communication sys-

tem, named HybridBSC, tailored for image transmission. Based

on semantic extraction and space transformation, the small-sized

semantic features are inserted into another source image for trans-

mission via conventional digital communication systems utiliz-

ing the same spectrum resources. Furthermore, we present a

Pluto-based software defined radio (SDR) platform as the proof-of-

concept, which improves transmission efficiency and system com-

patibility.

Proposed structure. As shown in Figure 1(a), the transmitter

consists of three parts: a semantic encoder, a conventional bit en-

coder, and a channel encoder. We represent the source images

for semantic-level coding as Ms ∈ R and the source images for

bit-level coding as Mb ∈ R. The semantic feature is extracted

as S = T (Ms;η), where S ∈ R
V1×V2 denotes the resized se-

mantic feature, V1 and V2 denote the length of the output, and

T (−;η) denotes the semantic encoder with learnable parameters

η. The semantic encoder is trained to convert the source data

Ms into semantic features, which are then ready for insertion into

the source image for bit-level coding, Mb, for conventional digi-

tal communications. The insertion process can be represented as

I = I (S,Mb) ∈ R
3×M×N , where I denotes the insertion pro-

cesses. To ensure robust and stable semantic insertion, we employ

a color space transform to convert the source image Mb from RGB

to YCbCr space to get the original image luminance Y. The source

image for bit-level coding, Mb, is decomposed into four frequency

bands via 2D discrete wavelet transform (DWT): low-frequency

(LF), horizontal, vertical, and diagonal high-frequency parts. We

then divide the LF band into 4×4 blocks, apply the discrete cosine

transform (DCT) to each block, and perform singular value decom-

position (SVD) on the transformed output. The whole process can

be expressed as [Ui,j ,Zi,j ,Vi,j ] = SVD
(

FC4×4

(

FW(Y)
LF

))

,

where FW() denotes the 2D-DWT which embeds information in

low-frequency components to reduce noise, FC() denotes the DCT

which compresses the image and concentrates energy to enhance

insertion quality and transmission robustness, the singular value

matrix Zi,j ∈ R
4×4 is a diagonal matrix, Ui,j ∈ R

4×4 and

Vi,j ∈ R
4×4 are orthogonal unitary matrices, and i, j ∈ M/4.

Then, we perform following operations on Z to obtain the new Z̃:

Z̃i,j =



























αη,

α (η + 1),

α (η + 1),

αη,

if Sq
i,j = 0, η mod 2 = 1,

if Sq
i,j = 0, η mod 2 = 0,

if Sq
i,j

= 1, η mod 2 = 1,

if Sq
i,j = 1, η mod 2 = 0,

(1)

where α is the insertion factor, η =
⌈

‖Zi,j‖2′/α
⌉

. Z̃i,j de-

notes the (i, j)-th element of singular value matrix Z̃. ‖Γ‖
2′

=

supx∈Rn\0 (|Γx|/ |x|) denotes the largest singular value of Γ. Sq

is the q-bit quantization output of semantic feature S. We use

q = 4 bit quantization. Subsequently, we execute inverse SVD,

DCT, and DWT to complete the semantic insertion process:

Ỹ = IFW
(

IFC4×4

(

UZ̃VT

))

, where IFW() denotes the inverse

DWT, IFC4×4() denotes the inverse DCT on each 4× 4 block.

Then, we transform Ỹ back into RGB space to get the hybrid

data I. After conventional source coding, channel coding, and

modulation, the information will be transmitted over the wireless

channels.

The receiver also consists of three parts: a semantic decoder,

a conventional bit decoder, and a channel decoder. The received
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Figure 1 Schematic and measurement results. (a) The structure of the proposed HybridBSC; (b) S-SE versus SNR over AWGN channel;

(c) S-SE versus SNR over fading channel; (d) PSNR versus SNR over AWGN channel; (e) PSNR versus SNR over fading channel.

signal can be expressed as y = hx + n, where x is the complex

symbols. n ∈ N
(

0, σ2
)

is the additive circular complex Gaussian

noise with zero mean and variance σ2. Based on the estimated

channel, the signal x̂ can be recovered. After demodulation, con-

ventional channel decoding, and source decoding, the hybrid in-

formation Î is derived from x̂, and can be used to recover M̂b.

Similarly, the recovered hybrid data Î is color space transformed

to obtain Ŷ, which is then subjected to a 2D-DWT. The resulting

LF part is partitioned into 4× 4 blocks, and a DCT is applied to

each block, followed by SVD. The whole process can be expressed

as [Ûi,j , Ẑi,j , V̂i,j ] = SVD
(

FC4×4

(

FW
(

Ŷ
)

LF

))

, where Ẑi,j is

the recovered singular value matrix, Ûi,j and V̂i,j are the recov-

ered orthogonal unitary matrices, and i, j ∈ M/4. The feature

de-insertion process is conducted according to

Ŝ
q
i,j =

{

1,

0,

if η̂ mod 2 = 0,

if η̂ mod 2 = 1,
(2)

where η̂ =
⌈
∥

∥

∥
Ẑi,j

∥

∥

∥

2′
/α

⌉

, Ŝq
i,j is the (i, j)-th element of quantized

semantic feature Ŝq. The semantic feature Ŝ is finally obtained by

inverse quantization of Ŝq . It is worth noting that the insertion

factor α is known to the transceiver, so the receiver can accurately

extract semantics from the hybrid data Î. Ultimately, the seman-

tic decoder reconstructs the content M̂s = R(Ŝ;γ), where R(−;γ)

denotes the semantic decoder with learnable parameters γ.

Experiments. We evaluate the proposed HybridBSC in terms of

transmission accuracy and semantic spectral efficiency (S-SE) [4]

over AWGN and Rayleigh channels, respectively. For perfor-

mance comparison, we use JSCC and conventional adaptive coding

and modulation as benchmarks. Better portable graphics (BPG)

serves as the conventional source coding, and low-density parity-

check (LDPC) as the channel coding, referred to as “Adaptive

BPG+LDPC”. “HybridBSC-Bit” and “HybridBSC-Sem” denote

the performance of bit-coded and semantic-coded images, respec-

tively. Figures 1(b) and (c) show the relationship between the se-

mantic spectral efficiency and the SNR over AWGN and Rayleigh

channels, respectively. It is clear that all benchmarks exhibit

lower semantic spectral efficiency in comparison to HybridBSC.

The reason is that HybridBSC is able to transmit two source im-

ages accurately and does not require additional time-frequency

resources. Figures 1(d) and (e) show the relationship between the

peak signal-to-noise ratio (PSNR) score and the SNR over AWGN

and Rayleigh channels, respectively. The HybridBSC-Bit is very

close to that of the conventional adaptive coding and modulation

strategy. At the same time, HybridBSC-Sem is also close to that

of JSCC at the high SNR regimes. This proves that the proposed

HybridBSC can resist the distortion caused by the coding and

noise. A wireless HybridBSC prototype based on IEEE 802.11a

OFDM PHY via the Analog Device ADALM-PLUTO SDR mod-

ule (PlutoSDR) is implemented for experiments over a real wire-

less channel. Figure 1(a) shows the experience scenario of the

PlutoSDR-based HybridBSC prototype. Specifically, the source

images are encoded on the PC 1, transmitted wirelessly via Plu-

toSDR to the PC 2, and then decoded to generate the output

images. In the experiment, the average PSNR scores for bit-coded

images are 30.61 dB, while for semantic-coded images, the average

PSNR is 31.30 dB. These results demonstrate that the proposed

HybridBSC effectively mitigates damage from the source coding

and real wireless channels.

Conclusion. This work proposed a hybrid bit and semantic

communication system, named HybridBSC, which jointly per-

forms the bit and semantic coding for image transmission. With

the HybridBSC, the semantic features can be attached to another

source image for bit-level coding and transmitted using a conven-

tional digital transceiver. The simulation and experimental results

have demonstrated that the HybridBSC can accurately transmit

bits and semantics simultaneously in the same time-frequency re-

sources.
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