
Processing Speed Improvement based on an
Efficient Symbol Decoding Structure in a

T-DMB Software Baseband Receiver

Moohong Lee, Byungjik Keum, Eunki Kim, Sangseop Shin, Minjae Park,
and Hwang Soo Lee, Member, IEEE

Abstract-Unlike the computationally intensive channel
decoding part in the T-DMB baseband receiver, the symbol
decoding part consists of many computationally not-intensive
function blocks handling complex data. Hence, if implemented in
software running on a digital signal processor (DSP) with a small
on-chip memory, the symbol decoding part consumes
considerable DSP processing power. To improve the processing
speed of this part, we propose an efficient symbol decoding
structure where data are processed on an OFDM symbol basis
and in-process data buffers are reused. As a result, during the
entire symbol decoding process, all in-process data are stored on
the fast on-chip memory without access to the slow external
memory. To further improve the processing speed by reducing the
number of load and store cycles required in the symbol decoding
part, several function blocks are integrated into one function
block. The validity of the proposed structure is confirmed by
measurements of the execution cycle number and the bit error
rate on an implemented T-DMB software baseband receiver.

Index Terms- Terrestrial Digital Multimedia Broadcasting,
Symbol Decoding, Digital Signal Processor, Software Receiver.

I. INTRODUCTION

D iverse types of receivers for Digital Audio Broadcasting
(DAB) and Terrestrial Digital Multimedia Broadcasting
(T-DMB) [1]-[2] have been implemented [3]-[6]. These

broadcasting systems use orthogonal frequency division
multiplexing (OFDM) as their transmission technique, because
OFDM is robust in multipath fading channels [7]. In addition, a
powerful channel coding technique [1 ]-[2] has been applied to
guarantee high quality service. However, as the channel
decoding part in DAB and T-DMB receivers has the highest
computational complexity, a computationally efficient
algorithm such as the Viterbi decoding algorithm [8] is
normally used for channel decoding. Furthermore, various code
optimization techniques in terms of implementation [9]-[11]
can be applied to further reduce the processing power required
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for channel decoding regardless of whether the DAB and
T-DMB receivers are implemented in software or hardware.

On the other hand, the symbol decoding part in DAB and
T-DMB receivers [1]-[2] is composed ofmany computationally
not-intensive function blocks such as OFDM demodulation,
differential demodulation, and frequency deinterleaving.
Furthermore, each function block in the symbol decoding part
cannot start processing before processing of the previous
function block is completed. As a result, the symbol decoding
part can lead to worsened processing speed of the receiver if
special techniques such as parallel processing are not applied.
In particular, if the baseband processing unit of those receivers
is implemented in software running on a digital signal
processor (DSP), which is a serial processing machine, with
limited on-chip memory, the symbol decoding part will
consume considerable DSP processing power.

In this work, we propose an efficient symbol decoding
structure to improve the processing speed of the symbol
decoding part. The processing speed improvement is achieved
by using the fast on-chip memory to store in-process data
during the entire symbol decoding process. For this, data
processing is performed on an OFDM symbol basis and
in-process data buffers are reused on the on-chip memory. By
integrating several function blocks into one function block to
reduce the number of load and store cycles required in the
symbol decoding part, the processing speed is further
improved.

A typical T-DMB software baseband receiver and its symbol
decoding part are briefly described in Section II. Section III
proposes an efficient symbol decoding structure that improves
the processing speed. Results confirming the validity of the
proposed structure are given in Section IV. Finally, we present
conclusions in Section V.

II. A TYPICAL T-DMB SOFTWARE BASEBAND RECEIVER

A. Overview ofa T-DMB Software Baseband Receiver

A T-DMB system transmits video, audio, and data service
signals using frames with the transmission format shown in Fig.
1 [1]-[2]. Each frame has a period of96 ms and is composed of
a synchronization channel, a fast information channel (FIC),
and a main service channel (MSC). The synchronization
channel including a Null symbol and a phase reference symbol
(PRS) is used for synchronization in the receiver. The FIC is
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can be accomplished using [13]-[14]. To track the time offset 6t
occurring due to the ADC sampling clock difference between
the transmitter and the receiver at a regular interval, one of the
conventional time offset estimation algorithms in [3] can be
used. The total time offset (6T + 6t) can be then compensated
for each frame or every several frames. Subsequently, a symbol
decoding part that processes complex signals with in-phase (I)
and quadratue-phase (Q) components is performed. It performs
I/Q demodulation, frequency tracking and compensation,
OFDM demodulation based on a fast Fourier transform (FFT),
guard removal, differential demodulation, frequency
deinterleaving, and QPSK demapping. Details of these
processes can be found in [1 ]-[2]. To track the frequency offset
6f, which is caused by factors such as a Doppler effect due to
movement ofthe receiver and the short-term frequency stability
of the local oscillator in the receiver, the fractional frequency
synchronization scheme in [13] can be employed. Frequency
offset compensation can then be performed with the total
frequency offset (6F+ 6j) for each OFDM symbol using [5].

After processing of the symbol decoding part, time
deinterleaving is performed over four consecutive frames
stored in a data buffer. Channel decoding based on the Viterbi
decoding algorithm is then performed for the FIC, audio
channel, and data channel, respectively, according to the user's
request. In the case of the video channel, Reed Solomon (RS)
decoding [15] in addition to the Viterbi decoding is necessary.

For successful decoding of live T-DMB broadcasting signals,
all the functions in the baseband processing unit of a T-DMB
receiver should be processed within a given time for each
incoming frame, Le., within 96 ms for T-DMB. To meet this
real-time processing requirement on the baseband receiver, the
overall processing power required for each frame decoding
should be carefully analyzed and properly partitioned among
the front-end unit and the baseband processing unit. Once the
type of front-end tuner, including channel filtering, the
sampling rate, and sample resolution of the ADC, are
determined, the following major factors should be taken into
account when implementing the baseband processing unit in
software running on a DSP: (i) target DSP related factors such
as the main clock speed, on-chip memory size, and utilization
of direct memory access (DMA) and cache memory, (ii) use of
computationally efficient algorithms for function blocks, and
(iii) code optimization for critical function blocks by means of
software pipelining, unrolling loops, word-wide data, and so
forth [9].

As the channel decoding part is the most computationally
complex element in the T-DMB baseband processing unit, it is
normally implemented using computationally efficient
algorithms and code optimization is performed for critical
function blocks.

B. Consumption ofConsiderable Processing Power by the
Symbol Decoding Part

The symbol decoding part consists ofmany computationally
not-intensive function blocks, unlike channel decoding that
requires intensive computation, as shown in Fig. 2. As a result,
if it is processed by a DSP, which is a serial processing machine,
each function block in the symbol decoding part cannot start its

Baseband Processing UnitAnt

14---- Frame (g6ms) ------W<.......---- Frame (g6ms) --.........--

Fig. 1. T-DMB Transmission frame format.

Fig. 2. The structure ofa typical T-DMB software baseband receiver.

composed ofthree OFDM symbols and is used to carry control,
system, and service information. The MSC comprises four
common interleaved frames (CIFs) and each CIF composed of
18 OFDM symbols can contain several subchannels for video,
audio, and data service content. Data content in each video,
audio, and data subchannel is separately channel encoded,
interleaved, and transmitted on a CIF basis.

A typical T-DMB software baseband receiver running on a
DSP [12] can be constructed as shown in Fig. 2. It is composed
of a front-end unit including an antenna, a tuner, and an
analog-to-digital converter (ADC), and a baseband processing
unit in software running a DSP. The tuner amplifies the
received small input signal via the antenna, converts the RF
input frequency to an intermediate or baseband frequency, and
selects a desired channel using a narrowband filter. The analog
input signal ofthe selected channel is transformed into a digital
signal by the ADC and stored in an input buffer.

Using several frames stored in the input buffer, the initial
synchronization is performed to estimate the time offset 6T for
finding the start time for demodulation and estimate the
frequency offset 6F due to the carrier frequency difference
between the transmitter and the receiver. The time
synchronization process including Null detection and symbol
time estimation can be performed using the conventional
algorithms in [3], [5]. The frequency synchronization process,
which performs fractional and integer frequency estimation,
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Fig. 3. A typical flow of the symbol decoding process based on CIFs in a
T-DMB software baseband receiver.

First, the input data corresponding to a CIF (19 x 2,552
words) is read from the input buffer for I/Q demodulation after
time offset adjustment. In this case, 19 = 1 + 18 (one PRS for
differential demodulation plus 18 OFDM symbols) and 2,552 =
1.246 x 2.048 (the OFDM symbol length in ms multiplied by
the T-DMB sampling speed in MHz). In addition, since the
input data is 4-times oversampled before I/Q demodulation and
each sample is represented by one byte, 4 samples can be read
at a time in words (one word means 4 bytes).

Even though the sampling rate is reduced to 2,048 MHz by
downsampling after I/Q demodulation, I/Q demodulation
results are complex signals with I and Q components
represented by 2 bytes, respectively. Therefore, the amount of
data to be stored in buffer 1 after I/Q demodulation will again
be equal to 19 x 2,552 words. Since the cyclic prefix (CP)
composed of 504 samples in each OFDM symbol is not
necessary for the FFT, it is removed after frequency
compensation. As a result, data of 19 x 2,048 words is stored in
buffer 2. Since the FFT does not change the input data size
during its processing, data of 19 x 2,048 words will be again
stored in the buffer 3.

As data symbols are carried only on 1,536 subcarriers in the
frequency domain, the remaining subcarriers (called guard
bands in the T-DMB) out of the 2,048 subcarriers
corresponding to the FFT size of 2,048 should be removed.
Hence, after the guard removal block, the data to be stored in
buffer 4 becomes 19 x 1,536 words. Since differential
demodulation needs a reference OFDM symbol before
processing 18 OFDM symbols in each CIF, the samples
corresponding to 19 OFDM symbols are stored in the previous
four buffers 1, 2, 3, 4. However, only data of 18 x 1,536 words,
corresponding to 18 OFDM symbols, is stored in buffers 5 and

processing until the previous function block is completely
processed. In particular, if the target DSP has a small on-chip
memory, the symbol decoding part will consume a considerable
portion of the DSP processing power. (For reference, the
commercial DaVinci DSP has a 32 Kbyte Ll program memory,
a 80 Kbyte L1 data memory, and a 64 Kbyte L2 unified
memory [12]).

The reason for this is as follows: basically, all input and
output data after I/Q demodulation in the symbol decoding part
are complex and function blocks such as the FFT, differential
demodulation, and frequency deinterleaving process complex
data on a block basis. This means that they require large
memory space to hold many complex input and output data
components separately. For example, the input block to be
processed by the FFT has 2,048 complex data, because the FFT
size is 2,048 in the T-DMB. Therefore, it is difficult to put both
input and output data for each function block on the fast
on-chip memory in order to increase the processing speed ifthe
data block size to be processed is large. As a result, the input
and output data of each function block in the symbol decoding
part should be stored on the slow but large external memory.
Accordingly, unnecessary execution cycles to read and write
data from/to the external memory consume considerable DSP
processing power. If a cache memory is allocated on a part of
the fast on-chip memory to speed up the input and output data
transfer between the DSP and the external memory, the
processing speed can be considerably improved [16]. However,
the built-in sequential processing of function blocks in the
symbol decoding part, which requires frequent read and write
of separate data blocks from/to the external memory, causes
many cache misses to occur. This results in an increase of
execution cycle number.

In addition, each function block with a computationally not
intensive feature in the symbol decoding part uses many load
and store instructions. This necessitates additional execution
cycles due to associated delays compared to other instructions
such as the add and multiply instructions. As an example, the
load instruction on a commercial DSP [12] is completed in five
execution cycles, while the multiply instruction requires only
two execution cycles [9]-[10]. As a result, the large number of
load and store instructions required in the symbol decoding part
also contributes to worsening the processing speed.

Furthermore, ifthe symbol decoding process is performed on
a CIF basis, because content for video, audio, and data services
is transmitted on a CIF basis, a large external memory to store
in-process data is necessary regardless of the increased
processing power consumption. As an example, a typical flow
of the symbol decoding part that processes data on a CIF basis
is illustrated in Fig. 3. In this work, it is assumed that all 18
OFDM symbols in each CIF are used to carry the MSC content
in the T-DMB signal, which is transmitted in transmission
mode I with an OFDM symbol length of 1.246 ms. In addition,
I/Q demodulation is assumed to be performed by a 4-times
oversampling method to reduce the processing power required
for I/Q demodulation. Thus, the sampling rate of the ADC,
which has a sample resolution of 8 bits in this work, is 8.192
MHz (= 4 x 2.048 MHz).
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6 after differential demodulation. Therefore, the total memory
size of in-process data buffers for the symbol decoding part
shown in Fig. 3 is about 823 Kbytes.

In a real case, the necessary memory size can be reduced
from this figure (823 Kbytes), because not all 18 OFDM
symbols in each CIF are actually used to carry the MSC content,
contrary to the assumption in this work. In addition, if some of
the buffers shown in Fig. 3 are reused, the necessary external
memory size can be further reduced. However, as can be seen
in Fig. 3, the symbol decoding part, which has many function
blocks, heavily depends on the read and write of necessary
input and output data from/to the external memory; this leads to
reduced DSP processing speed.

III. PROPOSED EFFICIENT SYMBOL DECODING STRUCTURE

In this work, we propose an efficient symbol decoding
structure not only to improve the processing speed but also to
reduce the necessary external memory size in the T-DMB
software baseband receiver.

First, each function block in the symbol decoding part is
designed to process data not on a CIF basis but on an OFDM
symbol basis. Such minimization of data block size to be
processed by each function block in the symbol decoding part
makes it possible to put the input and output data necessary for
each function block on the fast on-chip memory. Second, the
symbol decoding structure is changed so as to reuse some ofthe
in-process data buffers. This reduces the number of in-process
data buffers necessary in the symbol decoding part.

Through these measures, the total size for all the in-process
data buffers necessary for the entire symbol decoding part can
be considerably reduced so that in-process data buffers for the
symbol decoding part can fit on the fast on-chip memory. As a
result, during the entire symbol decoding process, the number
of unnecessary accesses to the slow external memory to read
and write related data can be completely eliminated. This
efficient symbol decoding structure is shown in Fig. 4, where
the same conditions as introduced in the previous chapter are
considered.

· Guard removal
· Differential
demodulation,

· Frequency
deinterleaver,

· QPSK demapper

+- Dataflow
........... Processing flow

Input data buffer
( on the external memory)

Data buffer 1

I_size =2x2048 wOrd~1

Data buffer 2
(Double buffer)

: In-process buffer
I (on On-chip memory)L _

Data buffer
for deinterleaving

( on the external memory)

Since the data in the symbol decoding part is processed on an
OFDM symbol basis, the input data ofonly 2,552 words for I/Q
demodulation is read from the input data buffer, which is
located on the slow external memory. After I/Q demodulation,
the processed output data of 2,552 words is stored into data
buffer 1, which is now located on the fast on-chip memory
instead ofthe slow external chip memory. For block processing
of the FFT, two separate data buffers (data buffers 1 and 2) are
necessary on the on-chip memory, as shown in Fig. 4. In
addition, a double buffer with a size of2 x 2,552 words is used
as data buffer 2, because the differential demodulation needs a
reference OFDM symbol to demodulate each input OFDM
symbol. After the input data of a given block (2,552 words) is
read from the external memory, all the in-process data coming
from each function block in the symbol decoding part are
stored on the in-process data buffers 1 and 2 on the fast on-chip
memory. Only after the entire symbol decoding process is
completed, the output data from the QPSK demapper is again
stored on the data buffer for deinterleaving on the external
memory, as shown in Fig. 4.

The total memory size for the in-process buffers 1 and 2 is
about 26 Kbytes. Memory of this size can be assigned on Ll
data memory or L2 unified memory on the DSP chip depending
on the memory structure used in the implementation of the
T-DMB software baseband receiver. Thus, the external
memory is not used at all. Therefore, the processing speed of
the symbol decoding part can be considerably improved using
the proposed symbol decoding structure.

To further improve the processing speed by reducing the
number of load and store cycles required in the symbol
decoding part, four function blocks from the guard removal
part to the QPSK demapper in the symbol decoding part are
integrated into one function block. To this end, expressions for
the four function blocks, which are used in the transmitter
[1]-[2] and the receiver, are first listed side by side as follows:

1. QPSK mapping and demapping (hard-decision)

• Mapping expression:

ql,n =~[(1-2PI,n)+ j(1-2PI,n+K)]

• Demapping expression:

, _{O ,Re{q;,n} ~ 0
PI,n - 1 R { ,} 0, e ql,n <

, {O'1m{q;,n} ~0
PI,n+K = 1 ,Im{q;,n}<O

2. Frequency interleaving and deinterleaving

• Interleaving expression:
K K

Yin =qln' k=F(n), --sks-, k*O
" 2 2

• Deinterleaving expression:

q;,n =Y;,n' n =F-
1
(k)

Fig. 4. Proposed symbol decoding structure based on OFDM symbols in a
T-DMB software baseband receiver.

3. Differential modulation and demodulation
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• Modulation expression:
K K

Zl,k =Zl-l,k • Yl,k --< k <-, 2 - - 2

• Demodulation expression:

Y;,k = Z;,k / Z;-l,k

4. Guard insertion and removal

• Insertion expression:

{

Zl k , - K ::;; k ::;; K
X1,(k+N)N =' 2 2

o ,otherwise

• Removal expression:
K K

z' -x' --<k<-
l,k - 1,(k+N)N ' 2 - - 2

In the above expressions, I indicates the number of OFDM
symbols in a frame, n ranges from 0 to 1,535, and K is 1, 536.
The expression F(k) for frequency interleaving is found in
[1 ]-[2].

The four separate expressions listed here can then be
integrated into an expression for QPSK demapping as follows:

• Integrated expression for QPSK demapping:

, {o,Re {X;,(k+N)N / X;-I,(k+N)N } ~ 0

Pl,n = { }
1 ,Re X:,(k+N)N / X:-1,(k+N)N < 0

{
o ,1m {X;,(k+N)N / X;-I,(k+N)N } ~ 0

P;,n+K = 1 { }
,1m X:,(k+N)N / X:-1,(k+N)N < 0

If the integrated expression is applied to the symbol
decoding part, the steps of reading data from the on-chip
memory before processing and again writing the processed data
to the on-chip memory can be removed between the related
function blocks. Therefore, the instruction number needed to
load and store data between the buffer registers in the
processing unit and Ll data memory or L2 unified memory in
order to process the four functions can be substantially reduced.
As a result, additional processing speed improvement can be
achieved in the symbol decoding part.

IV. PERFORMANCE VERIFICATION

To ensure that the proposed efficient symbol decoding
structure improves the processing speed without deteriorating
the receiver's performance, we implemented a T-DMB
software baseband receiver running on a commercial Davinci
DSP [12] mounted on a reference board. A front-end unit with
an antenna, a tuner, and an ADC with 8 bits resolution was built
to receive and convert an analog T-DMB signal coming from a
T-DMB signal generator to a digital signal. The commercial
TDMB generator was configured to transmit a video signal in

transmission mode I with a data rate of 544 kbps at a carrier
frequency of 193.28 MHz.

To confirm the processing speed improvement, the number
of execution cycles for the conventional and proposed symbol
decoding structures was measured on the implemented T-DMB
software baseband receiver in terms ofmega cycles per second
(MCPS) [9]. Table I shows the measured MCPSs for various
function blocks in the conventional and proposed symbol
decoding part of the MSC. As expected, the processing speed
of each function block was improved due to the use of the fast
on-chip memory. The improvement of the processing speed of
the integrated block that uses the reduced number of load and
store instructions was also noticeable. Thus, a considerable
processing speed improvement (almost fourfold higher) was
achieved using the proposed symbol decoding structure in
comparison to the conventional structure. For reference, the
MCPS for the channel decoding block (the depuncturing plus
the Veterbi decoding) after code optimization is listed in Table
I. When the proposed symbol decoding structure is not used,
the MCPS ofthe symbol decoding part is larger than that ofthe
channel decoding block.

TABLE I
THE EXECUTION CYCLE NUMBER IN MCPS

FOR FUNCTION BLOCKS IN THE MSC SYMBOL DECODING PART

Conventional structure Proposed structure

Function block name MCPS Function block name MCPS

I1Q demod. 30 I1Q demod. 9

Freq. tracking 2 Freq. tracking 0.6

Frequency
48

Frequency
14.1

compensation compensation

MSC OFDMdemod. 34 MSC OFDMdemod. 9.5
symbol symbol

decoding Guard removal 6.5 decoding

Diff. demod. 21
-Guard removal
-Diff. demod.
-Freq. deinterlv.

11.1
Freq. deinterlv. 12

-QPSK demap.

QPSKdemap. 13.7

Total MCPS for symbol
167.2

Total MCPS for symbol
44.3

decoding decoding

MSC Depuncturing +
95.3

MSC Depuncturing + Viterbi
95.3

Viterbi decoding decoding

To verify that the performance of the T-DMB software
baseband receiver was not degraded due to the proposed
symbol decoding structure, the bit rate error (BER) was
measured for both the conventional and proposed structures.
The output power of a TDMB signal generator was changed
from -100 dBm/l.536 MHz to -95 dBm/l.536 MHz to obtain
the carrier to noise ratio (CNR) between 4 dB and 9 dB. In this
case, the measured noise figure of the tuner was about 7 dB
including a cable loss. All-zero data sequence with test bits of
about 107 were transmitted from the T-DMB generator at each
CNR to obtain reliable BER values.

The measured BER performance versus the CNR of the
implemented TDMB software baseband receiver with the
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conventional and proposed structures has been plotted in Fig. 5.
The BERs were measured after the Viberbi decoding block. As
expected, the BER graphs of the T-DMB software baseband
receiver for the conventional and proposed symbol decoding
structures match well. This demonstrates that the proposed
symbol decoding structure does not deteriorate the T-DMB
receiver performance while it considerably improves the
processing speed. For comparison, a theoretical BER graph
presented in [1 7] is shown as well. The difference between the
theoretical and measured graphs was assumed to be caused by
implementation issues such as the ADC resolution of 8 bits and
noise figure variation due to an automatic gain control function
in the tuner as the CNR varies.

a::
w
co

4.5 5 5.5 6 6.5 7 7.5 8 8.5 9
CNR(dB)

Fig. 5. BER performance versus CNR of an implemented T-DMB software
baseband receiver using the conventional and proposed symbol decoding
structures.

V. CONCLUSION

We presented an efficient symbol decoding structure to
improve the processing speed in a T-DMB software baseband
receiver running on a DSP with a limited on-chip memory. To
improve the processing speed, data are processed on an OFDM
symbol basis in the symbol decoding part, in-process data are
stored on the fast on-chip, and the in-process buffers are reused.
For further improvement of the processing speed, several
function blocks in the symbol decoding part are integrated into
one function block, thus reducing the number of load and store
cycles required in the symbol decoding part. About fourfold
processing speed improvement in terms ofMCPS was achieved
using the proposed symbol decoding structure in comparison to
the conventional structure without any BER performance
deterioration.
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