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ABSTRACT

Quantization of signal set vectors [1,2] could reduce the processing time required to apply
the maximum likelihood decoding algorithm of Viterbi [3], to data encoded by a trellis
coded modulation (TCM) scheme of the kind proposed by Ungerboeck [4]. Simulations
have been performed to determine the effect of different degrees of circular quantization
on TCM, using 8-PSK and 16-PSK signal sets, combined with a four state convolutional
code. It was found that circular quantization produces good results when 2 or 3
quantization points are placed between signal set vectors.

INTRODUCTION

A convolutional code is a code in which the output is determined not only by the current
input, but by previous inputs as well. Convolutional encoding is performed by a finite state
encoder (Fig. 2) in which the current state is a function of the previous inputs, and the
outputs correspond to the allowable state transitions. A diagram called a trellis (see
figure 3) is used to illustrate the allowable state transitions along with the associated inputs
and outputs. The trellis diagram is generally extended horizontally to an arbitrary number
of stages to depict the operation of the decoder during some period of time. Given the
initial state of the encoder, the response of the encoder to any input sequence can be
represented as a continuous path through the extended trellis. To know the path taken
through the trellis is to know the convolutionally encoded input. (There may also be non-
convolutionally encoded inputs. In this case, more than one output symbol may be
assigned to the same state transition, and the decoder must make a direct decision between
them. This is referred to as the outboard decision). In reference to the trellis diagram,
convolutional encoding is also referred to as trellis encoding. When convolutional
encoding is combined with PSK or PAM signalling (Figure 1) the system is referred to as
trellis coded modulation, or TCM [4].



The maximum likelihood decoding algorithm was introduced by Viterbi [3] to realize the
error correcting potential of convolutional codes. The goal of the Viterbi algorithm is to
identify the most likely path through the trellis, given the received sequence, which may
have been corrupted by noise. Any particular path through the trellis corresponds to a
particular output code sequence. The essential points of the Viterbi algorithm are: 1) the
similarity between the code sequence of a considered path and the code sequence received
is taken as the criterion for selecting the most likely path, 2) where two or more paths
converge, only the most likely of the converging paths is retained for further consideration,
thus the number of contending paths is always equal to the number of states of the
encoder), 3) at some point, a final selection is made from the remaining paths. The point at
which the final selection is made is a design consideration. The length of the paths which
are retained for consideration is called the decoder depth. Both memory requirement and
decoder performance increase with decoder depth, but there is a point at which no further
gain in performance is realized.

In TCM work, the decoder works with the output (in-phase and quadrature components) of
a quadrature detector. This is a sequence of vectors representing the amplitude and phase
of the received PSK or PAM signal, including the effect of noise. In applying the Viterbi
algorithm to a received TCM sequence, the metric difference between the received
sequence and each considered sequence is used as the criterion for selecting the most
likely sequence. Each time a new signal vector is received, the geometric distance (in
signal-set space) between the received vector and the symbol vector associated with each
branch of the trellis is calculated. This distance, calculated for particular branch, is referred
to as the transitional metric of that branch. The sum of the transitional metrics of all of the
branches of a particular path is referred to as the cumulative metric of that path. The path
with the least cumulative metric is the most likely to be correct and is the path which the
Viterbi algorithm selects.

Some consideration should be given to the mapping of the signal set onto the trellis code
(Figures 4, 5, & 6). The set partitioning method of Ungerboeck [4] produces superior
results in nearly all cases. In this method, the greatest distance is made between symbols
assigned to parallel branches in the trellis, that is, branches which represent the same state
transition of the encoder. The next greatest distance is made between symbols assigned
between branches which join at one node only. The least distance is made between
symbols assigned to branches which do not join at all. The Viterbi algorithm determines
the most likely sequence of state transitions of the decoder. Because parallel branches
represent the same state transition, the distinction between them must be made directly,
based on the location of the received signal vector. This is the reason for making the signal
vector assignment so that these symbols have as much distance between them as possible.
The decision between parallel branches is referred to as the outboard decision.



QUANTIZATION

Because of channel noise, the received vector can fall anywhere in continuous two
dimensional Euclidean space, even though the signal set space consists of a finite number
of vectors. Because of this, the transitional metrics must be calculated in real time each
time a new signal vector is received. This is where quantization of the signal set space will
save processing time. With the input vector restricted to a finite number of discrete
quantization points, the transitional metrics could be obtained directly from internal tables.
The purpose of this paper is to present results showing the relationship between fineness of
quantization and decoder performance.

This paper is concerned with circular quantization. In circular quantization, all of the
quantization points lie equally spaced on the unit circle, and the degree of quantization is
specified by stating the total number of quantization points. So, for example, 24 sector
quantization of 8-PSK means that there are eight quantization points on the signal set
vectors, and two between each adjacent pair of signal set vectors, for a total of 24
quantization points.

SIMULATION PROCEDURE

Block diagram models of the Euclidean Distance Maximum Likelihood decoder were
designed and simulated using the Block Oriented Systems Simulator (BOSS), a
commercially available software package. Although the primary purpose of this work was
to investigate circular quantization, an added benefit of using a block diagram simulator is
that it calls attention to design considerations which will be encountered when a real time
decoder is actually built. Separate (although similar) systems were developed for 8-PSK
and 16-PSK, both using a 4-state trellis code. In simulation, a sequence of TCM symbol
vectors is generated from random binary data. A Gaussian random vector is then added to
each symbol vector to simulate the effect of noise. The sequence of resultant vectors
(symbol vector plus noise vector) is then equivalent to the output of a quadrature detector
receiving the TCM signal and is passed to the decoder as data.

For the optimal quadrature detector, the relationship between the spectral noise density
and the variance of the noise vector is given by Carlson [6] as:

F  = A  v/2E2  2
c

where A  is the carrier amplitudec

v is the spectral noise density
and E is the energy per symbol



In this work, the carrier amplitude is taken to be unity so the above equation reduces to

To test the performance of the decoder at various ratios of symbol energy to spectral noise
density, F  is calculated from the above relationship and used as the variance of the2

complex Gaussian noise generator supplied with the BOSS.

Quantization was simulated by quantizing the received signal vector and then passing the
quantized vector to the decoder. During simulation the decoder then calculates the
quantized metrics which would be obtained from tables if a quantized decoder were
actually built. This approach serves the purpose of determining the effect of quantization
and is flexible enough to allow a number of different quantization schemes to be tried.

Decoding is done continuously as suggested by Clark & Cain [7]. Each time a new symbol
is received, the most likely converging path is selected at each node, the new data is
shifted into memory, and the old data is shifted out. The data being shifted out of the
register associated with the most likely path is selected to be the output of the decoder.
The decoder depth, the length of sequences retained in memory before the final selection is
made, was 16 for all simulations. Simulations were performed at various noise levels and
error rates were determined from trials of 250,000 symbols.

DECODER DESIGN

The top level block diagram of the 8-PSK and 16-PSK encoders are shown in figure 9. The
decoding process is divided into four distinct major functions: 1) transitional metric
calculation, 2) outboard decision making (selecting the most likely of two or more parallel
branches), 3) cumulative metric calculation and shortest path selection, and 4) storage of
contending sequences. This approach results in a straightforward modular circuit layout,
and allows the design to be easily modified for use with different codes.

Transitional Metric Calculation

In general, the number of transitional metrics to be calculated depends on the trellis code
being used. Ultimately, a transitional metric must be assigned to each branch of the trellis.
In the case of parallel branches, the transitional metric is calculated for the branch whose
assigned symbol vector is closest to the received vector. The outboard decision eliminates
the further symbols immediately. The four state trellis used in this work has eight
allowable state transitions. Each state transition is associated with the same symbols as
one other state transition, so there are four metrics to be calculated. In the simulations, the



transitional metrics are calculated algebraically. Quantized metrics, for the purpose of
testing a particular quantization scheme, are obtained by quantizing the input. In actual
practice, the quantized metrics would be obtained from a table. Once the transitional
metrics are obtained, they are passed on to a separate block, where they are used to
calculate the cumulative metrics and select the shortest paths.

Cumulative Metric Calculation and Path Selection

Each time a new signal vector is received, the cumulative metrics are used to select the
most likely converging path at each node of the current stage of the trellis. With an N-state
trellis, there are N selections to be made. Once the cumulative metrics are calculated and
compared, N bit variables (the path selection variables) are passed to the path register to
indicate which paths were selected as the N contenders, and log  (N) bit variables (the2

final selection variables) are passed to indicate which of the N contenders has the least
cumulative metric of all the paths. Cumulative metrics are maintained at all N nodes. In
these simulations, the metrics were represented as the equivalent of single precision
FORTRAN real numbers, and in this case the precision of the cumulative metrics is far
from being the limiting factor on the performance of the decoder. When quantization is put
into practice, storage should be allocated to allow the cumulative metrics to be stored with
precision appropriate for the degree of quantization being used.

Path Storage

To accomplish maximum likelihood decoding, the contending paths must be stored in
memory until the final selection is made. Path selecting is done continuously. The length of
the stored paths remains fixed, and old data is shifted out as new data is shifted in. Each
time a new signal vector is processed, a final selection is made from the data being shifted
out.

A contending sequence can be stored in memory in either of two ways, as a sequence of
bits indicating which of two converging paths was taken at each node (plan A) or as a
sequence of integers representing PSK symbolds (Plan B). Plan A requires less memory
than Plan B, but since the outboard decision is made after maximum likelihood decoding,
separate information must be stored to locate the received vector with respect to each
outboard decision threshold. When plan B is used, the outboard decisions and the selected
PSK symbols are shifted into the path register. The path register must then store and shift
PSK symbols rather than single data bits.



RESULTS

Simulations were done to investigate the effect of circular quantization. Each point on the
error rate curves was determined from a trial of 250,000 symbols.

Results of the 8-PSK simulations (Figure 7) are shown in terms of symbol energy
(SNR = E /v where v is the spectral noise density). The signal set includes eight symbols,s

but due to convolutional encoding, each symbol carries two bits of information. The
symbol error rate was divided by 3 to obtain a rough approximation of the error event rate.
This is to facilitate comparison with the results obtained by Ungerboeck [4] which are in
terms of the frequency of error events, the error event being defined as the event that the
decoder diverges from the correct path and then reconverges. The factor of 3 is used
because probabilities indicate that the error event rate which results in 3 missed symbols
should predominate at mid range noise levels.

Results of the 16-PSK simulation (figure 8) are shown with the signal to noise ratio
defined in terms of bit energy (SNR = E /v = E /3v) as was done by Wilson [5]. Symbolb   s

error rates are divided by 3 to approximate the bit error rate.

The results indicate that when circular quantization is used for 8-PSK or 16-PSK TCM,
there should be 2 of 3 quantization points between symbol vectors. The improvement in
going from 1 point between vectors to 2 is appreciable; the improvement in going from 2
to 3 is slight, but possibly worthwhile. For 8-PSK, the losses in going from unquantized
decoding to 32, 24, and 16 sector quantization are roughly 0.4dB, 0.5dB, and 1dB (symbol
energy) respectively. For 16-PSK, the losses in going from unquantized decoding to 64,
48, and 32 sector quantization are roughly 0.35dB, 0.4dB, and 1.1dB (bit energy),
respectively.
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FIGURE 1.  TCM ENCODERS



FIGURE 2.  CONVOLUTIONAL ENCODER

FIGURE 3. 4 STATE TRELLIS

FIGURE 4.  TRELLIS SYMBOL ASSIGNMENTS



FIGURE 5.  8-PSK SIGNAL SET

FIGURE 6.  16-PSK SIGNAL SET



FIGURE 7.  8-PSK SIMULATION RESULTS



FIGURE 8.  16-PSK SIMULATION RESULTS



FIGURE 9.  TCM DECODERS


