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Abstract

We propose a new receiver structure for GSM, where the
. received signal is decoded by the repetitive and iterative
use of channel equalization and channel decoding. This
structure is derived by treating the GSM system as a con-
catenated system, in which the convolutional encoder is
its outer coder, and the GMSK modulator together with
the multipath channel constitute its inner coder. We
then apply the iterative scheme that we have recently
proposed for a class of concatenated systems [1, 2]. In
our scheme both inner and outer decoders adopt a soft-
output Viterbi algorithm (SOVA) with reliability index,
which Hagenauer and Hoeher [8] originally introduced
for inner decoding in a concatenated system. We define
distance metrics that are suitable to the iterative decod-
ing. '

We have constructed a simulator of the proposed re-
ceiver, using the COSSAP simulation language. Prelim-
inary results of our simulation experiment will be dis-
cussed.:

1 Introduction

GSM (Groupe Speciale Mobile, or the Global System.

for Mobile Communication} system is a Pan-European
digital cellular [11] standard. It makes use of a convo-
lutional code for channel error correction, and GMSK
(Gaussian-filtered minimum shift keying), a bandwidth
efficient modulation scheme. GMSK is similar to tra-
ditional MSK (minimum shift keying) [10], except that
prior to modulation the signal is passed through a Gaus-
sian lowpass filter. The signal spectrum is shaped to
make it more bandwidth efficient. In the time domain,
its effect is to spread the signal over multiple bit periods
and introduce a controlled amount of ISI (inter-symbol
interference). Thus, the GMSK signal can be viewed
as mathematically equivalent to a correlative-level or
partial-response coded signal [9].

Further ISI is introduced to the received signal by mul-
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Figure 1: A typical GSM receiver

tipaths in the radio channel. We may model the com-
bined effects of the Gaussian filtering and the multipath
channel as a single impulse response A(t) of finite dura-
tion given by

h(t) = hGMSK(t) * hchan(t): (1)

where * denotes convolution. By sampling h(t) at t = kT
(where T is the symbol interval), we obtain the discrete-
time impulse response {h,}.

In typical coherent reception of the GSM signal, the
GMSK signal is treated as a quadrature modulated sig-
nal {11] In a typical GSM receiver, shown in Figure 1
inner decoder, often refered to as a Viterbi equalizer, at-
tempts to remove the ISI caused by the Gaussian filtering
and multipath channel. The soft equalizer output is then
de-interleaved and fed to the outer decoder, a Viterbi
decoder. The Viterbi decoder produces a maximum-
likelihood sequence estimate of the transmitted data [5].
The traditional receiver adopts a one-path decoding al-
gorithm, in the sense that the output of the outer de-
coder is delivered immediately to “data sink”.

In our proposed iterative decoding scheme, we adopt a
soft decision in the outer decoder, which we return to the
inner decoder. The inner decoder can use the additional
information associated with the outer decoder’s soft de-
cision, which we call side information, to correct errors
and ambiguities that may exist in the previous output of
the inner decoder. This possibly improved input is then
fed to the outer decoder, which will then presumably
produce an improved version of the decoder output. We
iterate this alternate decoding by the inner decoder and
the outer decoder until we resolve all errors and ambi-
guities, or until no further enhancement in the decoder
output is obtained. The power of iterative decoding was
first noted by Berrou et al. [3] in their work on Turbo
codes involving parallel concatenation of two (systematic
recursive) convolutional encoders. Independently of our
work [1, 2], iterative decoding for serially concatenated
systems has been proposed by Picart et al. [13].
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Figure 2: A new receiver structure with iterative decoding

2 Soft Decision and Iterative De-
coding

In its basic form, the Viterbi algorithm produces only
a maximum likelihood (ML) estimate of the transmit-
ted sequence given the received signal. It provides no
information regarding the degree of correctness (or reli-
ability) of each symbol in the estimated sequence: The
Viterbi algorithm can be modified, however, as suggested
in [8] to also produce a reliability value indicating the de-
coder’s confidence associated with each output symbol.

By modifying the typical GSM receiver of Figure 1
we now allow the Viterbi decoder to correct some of
the errors the Viterbi equalizer may make. Should the
equalizer be given some of this additional information
one might receive from such a powerful error-correcting
code, it might be able to improve on its estimation. We
therefore wish to pipe the decoder’s output values back
to the equalizer as shown in Figure 2. The equalizer
can then use these “side information” values, along with
the original received values, to decode the signal once
again. With the additional information obtained from
the powerful GSM convolutional code, the first decoder
can provide an improved signal estimate at its output.
The decoder subsequently decodes the convolutionally-
encoded data, and once again we can attempt to improve
upon the values at its output by piping them back to the
equalizer. These iterations can be performed any num-
ber of times, though the incremental reductions in the
BER (bit error tate) become smaller as the number of
iterations increases.

As the values from the Viterbi decoder will be fed ba.ck :

to the Viterbi equalizer, it becomes desirable for both the
Viterbi blocks to output soft values. Though in the end
we are still only interested in the most likely transmitted
symbols, the Viterbi equalizer can make better use of the
side information if it consists of soft values.

2.1 The inner decoder for iterative de-
coding

As detailed in Forney [5] and Kobayashi [9], the Viterbi
algorithm for a channel with ISI models the transmitted
sequence {s»} as a path in a trellis diagram with ol-1
Markov states, where L is the duration of the impulse re-
sponse gn. The algorithm examines all possible paths on
the trellis diagram, but by keeping track of only 2L-1 i
able candidate paths as an ML estimate. For each of the

—

2L-1 states at any time in the trellis diagram, it chooses
the path with the lowest cumulative metric. These cu-
mulative distance metrics are called “path length met-
rics.”

2.1.1 Path length metric for the inner decoder

As the conventional Viterbi algorithm [5] and Soft-
Output Viterbi algorithm (SOVA) [8] assume only the
received data sequence to be available at the inputs, they
are not able to make use of side information values. We
therefore face the problem of how to weight this addi-
tional information in the path length metric.

We abstract ourselves from the MSK-modulated se-
quence {z,} and its noisy replica {yn}, and instead deal
with derotated sequences {a,} and {z,}.

As is well known, an optimal decision rule is the max-
imum @ posterior: probability (MAP) decision rule that,
in our context, will choose the most likely N-bit sequence
vector ,

a; = (e, @iz...cin), ¢ €C, (2)

among C, the set of all possible transmitted sequences,
given the received sequence

z=(z1,22...,2N). 3)
by maximizing the a posteriori probability:

max P {alz}, (4)

ai€
Using Bayes’ formula, the above can be rewritten as

P{zla;} P{o;}
i (5)

max P{o;|z} = max
2;€ ;€

When either the a priori probability P{e;} is unknown
or all possible sequences are assumed equally likely, the
above MAP decision rule reduces to the maximum like-
lihood (ML) decision rule, which maximizes the condi-
tional probability or likelihood function:

ma(:gj P{zle;} (6)

;€

For each possible data sequence g;, we have the corre-
sponding noiseless received signal s; given as

Sin = Qin * On, (7)

where * is the convolutional sum with respect to the
time index n. Given the impulse response {gn}, there is
a one-to-one correspondence between vectors g; and s;,
thus we can write

max P{zle;} = max P{zls} (8)

g_'i.EC .

where the maximization on the right hand side is subject
to (7).

The complex-valued (rotated) white Gaussian noise
vector v has its real and imaginary components R{vn}
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and §{v,} independently and identically distributed

with mean 0 and variance o?. Hence, we can write

p O S L
{zls;} = (Er-'o-’) e 274 . (9)
Thus, as is well known, the ML decision rule reduces to
a minimum distance decision rule for a channel with ad-
ditive white Gaussian noise. The Viterbi algorithm is a
computationally efficient method that performs this ML
decision rule or corresponding minimum decision rule in
a recursive manner.

Tor the iterative decoding procedure that we propose
here, however, the side information from the previous
iteration provides us with an estimate of the a prior:
probability P{e;} which is not equal for all possible data
sequences g;. We can no longer ignore it as described
in (6), thus the likelihood function is not applicable as
decision criteria for the iterative decoding procedure. We
should instead estimate the most likely data sequence by
returning to the original MAP (4). Using (5), the MAP
estimate for the iterative scheme should now be defined
as
ma Plzle}Plac) (10)

a;€

In our case, this maximization problem reduces to

1 \V 1 , R
'g.:é (2102) exP{"E;EHE‘-&'H —lnP{g,-}}.
(11)

Thus, the minimum distance decision rule is the one that
minimizes the following path metric:

! X
mig, soaliz— sl -l Pla} =

_ . Y lzn'—si,nlz 1 1’5

To properly evaluate the last expression (12), we need
an estimate of the noise variance o2.
To obtain an estimate of the noise variance, we take

advantage of the known training sequence {cn} trams- -

mitted in the middle of each packet. During the training
sequence, we replace the data bits {an} by {cn}, and
using the channel response gn we can model the received
bits z, as

Zp = Yn * Gn + Un- (13)

If we replace the impulse response {g»} with our estimate
{gn}, we can estimate the channel noise as

~

Bp = 2n — Yn * Gn- (14)
We take the averages of
R{9n} = R{2n —n * g}

and
9‘;{1’5.‘,}2 = %{zn — Tn * gn}z

over an appropriate length of the training sequence out-
put.

The training sequence {c,} and the effective channel
response {gn} are 26 bits and 5-bits long, respectively.
The convolved sequence is 30 bits long (i.e., 0 < n < 29),
but we must discard the first four bits (0 < 7 < 3) and
the last four bits (26 < n < 29) because these are iran-
sient periods. Since the real and imaginary component
of ¥, should be statistically independent, we have a total
of 44 independent samples. Accepting that the noise has
gzero mean?, we have the the following expression for the
sample variance:

1

25
72 - s 12
Uz—ZZZIZn"’Yn*gnl- (15)

n=4

We substitute this estimate ;3 of the noise variance into
our path metric equation (12).

2.1.2 Reliability index for the inner decoder

We now require an algorithm for calculating the prob-
ability that each of our estimated bits 4, is estimated
correctly. We turn to the Soft Output Viterbi algorithm
(SOVA) of Hagenauer and Hoeher (8], which provides a
basis for calculating such a reliability measure.
Whenever two paths on the trellis diagram merge in
a common state, the Viterbi algorithm chooses the path
with the smaller cumulative path metric as the survivor
and discards the other. The SOVA calls for calculating
the probability that a possible mistake is committed in
this decision. Let us consider two paths g, and s, that
merge at time k. From (12), and using our estimate of
the noise variance, the cumulative metric M;; of path
s; up to time k, which we denote s; , may be given as

: — Si,n 2
M= 2—;1 ﬂ_z_n__é?;_,_ﬂ_ —In(P{ein}).  (16)

Using the equations developed in Section 2.1.1, and fol-
lowing the arguments of Hagenauer and Hoeher (8], the
probability that path s; ; is correct can be approximated
as

Pis;} oc e Mo, (17)

Given two merging paths s, ; and s34, and assuming
that the former has a smaller metric (i.e. My < M
and hence P{s; ;} > P{s;:}), the probability that the
inner decoder’s (i.e., Viterbi equalizer’s) selection of §; %

as the survivor is, in fact, an incorrect decision is given
by

_ P{sy}
ik = B3+ Plonsd (18)

17f the assumption that the noise has zero mean needs to be
examined, then we must make a slight modification in the above
path metric and the expression for the sample variance, by includ-
ing the sample mean of the noise.
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e"Ml’,k

= e_Ml.k + e"'Mz,k (19)

= L 20

T 1 eMak-Mint (20)
If s, ; has a smaller metric (i.e. M1,z > My ), the prob-
ability of an incorrect decision by the Viterbi equalizer
is :

1

Yo,k = m . (21)
We can obtain a general expression
_ 1
Yinj,k = 15 e Haal (22)

for any pair of paths s; and s; that merge at time k.
Here the notation 7N j in the subscript signifies path
index % or j whose metric is smaller than the other.

To each bit s;,» (0 < n < k) of 2 candidate path s; on
the trellis diagram, we assign a corresponding reliability
- value 7;,, which indicates the probability that the bit
decision made is incorrect. Due to the fact that, in such
a binary system, two paths which merge at time k will
always have the same kth data bit bits [5], each bit is
assigned an initial reliability value of 0 when it is decided
upon. As time progresses and the Viterbi equalizer se-
lects one path over the other each time it encounters two
survived paths merge at a common state in the trellis.
It makes 2~ such decisions at each time index k. For
a bit position where the binary value of the discarded
path (i.e., the nonsurvivor) is the equivalent to the cor-
responding bit of the survivor, a potential error would
have no effect on the decoded bit. For those bit posi-
tions where the values of the non-survivor and the sur-
vivor differ, however, we must lower our confidence and
update the reliability values. Following [8], we adopt the
following updating rule at decision at time &:

Pim +— Pin(l = Wik) + (1 = rin)Piks (23)

where 7;, on the right hand side is the old reliability
value assigned at some time before k.

2.2 The outer decoder for iterative de-
coding

The second major component of the iterative receiver
is the Viterbi decoder. This block is considerably less
complex than the Viterbi equalizer. The equalizer must
estimate the complex valued channel impulse response
for each transmitted data packet and generate the possi-
ble received data sequences on the fly. The decoder, on
the other hand, works with a binary valued impulse re-
sponse predefined by the generating polynomials of the
convolutional code.

Nevertheless, the Viterbi decoder needed for our it-
erative scheme differs from a traditional Viterbi-based
convolutional decoder in some significant areas. Our
soft input data consists of probability values rather than
the Gaussian distributed variables assumed in the tradi-
tional scheme. We must therefore compute our own path

‘Total
Effective
Channet

$a_n§ | Convolutional Sx
Encoder

$y_n§ | Convolutional | $\hnt(§)_,ns

Decoder

Figure 3: The outer decoder (i.e., the Viterbi decoder)

length metric. As we are interested in piping data back
to the Viterbi equalizer, we must also make our decoder
capable of outputting soft decision values. In order for
the Viterbi equalizer to make use of this data, however,
these soft output values must correspond to convolution-
ally encoded data. The decoder output must therefore
output encoded values, rather than the decoded data the
traditional Viterbi decoder outputs.

Throughout this section we work with the model of
Figure 2.2. The total effective channel includes every-
thing which comes between the encoder and decoder,
including the interleaver, GMSK modulator, multipath
channel, Viterbi equalizer, and de-interleaver. Note that
we re-use certain alphabetical symbols. While some of
the variables in this section may be analogous to those in
Section 2.1 sharing the same alphabetical symbol, they
represent distinct signals and should not be confused.

2.2.1 Path length metric for the outer decoder

If the input to the convolutional decoder can be mod-
eled as the encoded signal corrupted by additive white
Gaussian noise, as is assumed in the traditional analy-
sis, the Euclidean distance metric provides an optimal
path metric. The input to our outer decoder, however,
is the output of the de-interleaver that follows the inner
decoder (i.e, our Viterbi equalizer), which produces out-
put in the form of probability values. We must therefore
compute a new path length metric.

We denote the input to the outer decoder {y,}. The
goal of the outer decoder is to provide a best estimate
of {a»}, the transmitted data stream prior to convolu-
tional, given this input. Let the length of this unencoded
sequence {a,} be denoted by N. The GSM standard [7]
adopts a convolutional code of rate 1/2, thus the length
of the channel encoded sequence {z,} is of length 2N, as
is the decoder input {y»}. Again we use vector notation
to represent these sequences:

a=(a1,a2...an), z=(z1,22...22n), etc. (24)

The Viterbi algorithm adopted by the outer decoder
should select the sequence g; = (a1, az...an) that max-
imizes a posteriori probability

max P{a;
a.GC {—a.‘_y_}’

-

where C now represents the set of all possible binary se-

quences of length N that can be generated by the source.
Since the relation between the source sequence a and

the channel encoded sequence z is a one-to-one mapping,

we may write

max P{g;ly} = max P{z;|y}- (25)
C 2,eC

a;€
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The input stream y to our outer decoder is the stream
of soft outputs from the inner decoder, hence it is in the
form of R

yn = P{zn =1}. (26)

We can rewrite the o posteriori probability of the symbol
at bit n a possible transmitted sequence z; as
1—=Yn, Bin = 0

{ Yn, Tin =1
l—2in —Yn+ 22 mYn-

P{zi,nlyn}

(27)
(28)

Assuming the de-interleaver shuffles bits sufficiently ran-
domly, we treat the de-interleaved reliability probabili-
ties as independent from symbol to symbol. We then
have the following simple product form for the posterior
probability of sequence z;, given the output from the
de-interleaver y:

P{z;ly}

2N
H P{mi,n|yn}

n=1
2N
H(l — Zin — Yn + 2TinYn)-

n=1

(29)

Thus the most likely transmitted data sequence g; should
be the one that attains the following maximization cri-
terion: '

2N
max P{z;|y} = max 1= Zin — Yn + 22inlY
max Plauly} = mag [ (1= oin =3n + 22500)
2N
= max exp Zln (1 = Zijn — Yn + 2Zi;n¥n) .(30)
Eiec n=1 :

The above maximization problem is then equivalent to
the following minimum distance decision rule:

N

min Z —ln (1 = Zijn — Un + 22i,n¥n)-
zécn:l

=

(31)

Note that if we take the expectation of this metric with
respect to {yn}, we will have the equivocation eniropy
[14] associated with the channel encoded sequence, given
the inner decoder output.

2.2.2 Reliability index for the outer decoder

To calculate the reliability of the decoded bits, we follow
an argument analogous to Section 2.1.2. We turn again
to the soft output Viterbi algorithm (SOVA) (8].

From (31) above, the cumulative path length metric
at bit k for a given path s; can be given by

k
Mi,k = Z —In (1"12,1:. + Yn — 221’.,nyn)-

n=1

Using the argument that led to (17), the probability that
path z; ; (the first k bits of the path z;) is correct can
be expressed as

(32)

P{z;} x e~ Min,

(33)

458

Let us consider two paths z, and z, that merge at bit
k in the trellis diagram. The probability that a mistake
is committed in choosing the survivor path using (22) is
given as
1

Ying,k = T B Moal? (34)

where the notation N j is path index 4 or j whose metric
is smaller than the other.

We again assign reliabilities ; » to each decoded bit
of each path g; to indicate the probability that the bit
is chosen incorrectly. We can again assign bits initial
values of 0 (see Section 2.2.2). Again we have made
an error with probability ¥inj,5 in each location where
the estimated bit of the discarded path differs from the
corresponding bit of the survivor path. We update the
reliability values for these bits using (23):

Tim —— Pin(l = ik) + (1= rin)Pi k-

2.2.3 Optimum use of the side information

The desired output of a convolutional decoder is almost
always the decoded bits. However, in order for the inner
decoder to make use of any information obtained from
the outer decoder, the relevant information must be en-
coded with the GSM convolutional code.

If we were to feed hard decisions from the outer de-.

coder back to the inner decoder, we could obtain encoded
data by simply passing the decoded data through an en-
coder. Since we are interested in making full use of the
reliability values however, we should not perform such a
standard operation. An encoded bit may depend on not
only the present bit but on past bits as well. Were we to
pass the soft decision information through an encoder,
the reliability of each encoded bit could be no higher
than the least reliable of the bits on which it depends.
Considerable information would be lost.

The preferred method is to output codewords directly
from the outer decoder. A normal soft-output decoder
keeps track of the decoded bits and reliabilities corre-
sponding to each survivor path We modify the Viterbi
decoding algorithm so that it retains not only these de-
coded values but also the corresponding values for coded
bits. For each path at bit k, sequences corresponding to
the bit value and reliability index are kept for the k data
bits and the 2k encoded bits.

To determine the encoded bits is trivial; it simply re-
quires that we use a lookup table to map the state tran-
sitions a path takes to encoded outputs. To generate
reliabilities, we modify the method of Section 2.2.2. We
initially assign each channel bit of a given encoded path
a reliability value of 0 or %, depending on whether the
survivor bit differs from that of the nonsurvivor. Each
time two paths merge, we use (2.2.2) to update the relia-
bilities of each encoded bit whenever the encoded bits of
the two merging paths differ. Soft output values which
correspond accurately to the encoded bits are obtained.
We may now pass this data back to the inner decoder.
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Figure 4: COSSAP implementation of the inner decoder

3 Simulation Experiments

3.1 A COSSAP simulator

We decided to adopt the COSSAP design environment
[4], since it offers a rather comprehensive GSM library
containing many GSM-specific signal processing blocks.
We found its data stream-driven simulation approach
easier to work with than a time-driven simulation ap-
proach adopted in other commercially available simu-

lation packages. In addition, COSSAP provides tools

which allow one to create new blocks in C simpler.

To implement our iterative decoding, we first created
the inner decoder (the Viterbi equalizer) as a new hi-
erarchical block in our simulator. Figure 3.1 shows the
primitive blocks of which the hierarchical block consists.
The block labeled “Rotation” forms {z,} by multiply-
ing the incoming signal {y,} by j~". “Matched Filter”
is a FIR (finite impulse response) filter which estimates
the channel impulse response {gn } using the training se-
quence Yas_n. “Window” is a windowing block which
outputs a timing offset value d to help with synchroniza-
tion, and “Timing Adjust” shifts the signal to account
for this offset.

The block labeled “Viterbi Algorithm” then receives
two sets of complex inputs, the synchronized {z,} and
the windowed {g,}. Making use of the channel estimate,
it equalizes the received signal by using the algorithms
described in the previous sections. It was created using
COSSAP’s “generic C” code {4], which makes generating
code much simpler by abstracting the user from issues
such as memory management and code optimization.

Path length metrics are assigned according to (12), us-
ing both the received signal {z,} and the side informa-
tion values from the previous iteration. The reliabilities
are assigned and updated according to (22) and (23).
The estimated bits and corresponding reliability values
are combined into the form of P{bit = 1}.

As the convolutional code is predefined by the GSM
standard (7], a predefined lookup table for the code-
word bits associated with all 32 possible state transi-
tions can be included in the code. Path length metrics
in its Viterbi decoder are assigned according to (31), and
reliabilities assigned and updated according to (34) and
(2.2.2). We keep track of not only decoded bits and their
reliabilities but also of the channel bits and their relia-
bilities. The estimated bits and reliabilities (for both the
decoded and coded data) are again combined in the form
of P{bit = 1}

Two implemented Viterbi blocks were connected into
an iterative scheme. For simplicity, multiple pairs of

Viterbi Viterbi

Equalizer De-Intericaver Decoder ——>
\L——————‘ Intericaver 6——————'

Viterbi Viterbi

Equalizer De-Intetlcaver Decoder ———-—9
r————— Intericaver Q

Viterbi Viterbi

Equalizer De-Interleaver Decoder | >

Figure 5: Implementation of the proposed iterative receiver

Viterbi blocks were concatenated in a series configura-
tion as shown in Figure 3.1 rather than piping the side -
information obtained from the decoder back to the orig-
inal equalizer as shown in Figure 2.

For the first iteration, as we have no side informa-
tion values, we give the Viterbi equalizer values of .5 for
each bit (indicating a .5 probability of the bit being 1).
In subsequent iterations as well, there are other bits for
which we must use an input value of .5. The convolu-
tional code does not protect all the data bits, but only
the more important “Class I” bits [11, 7). For the less
important, unencoded “Class II” bits, we have no addi-
tional information from the Viterbi decoder and so we

"assign to them values of .5.

For the duration of the 26-bit training sequence, on the
other hand, we know exactly what the transmitted bits
are. We also know, the values of the guard bits which are
added to the beginning and end of the data packet, and
the “Stealing bit,” flags which are only set to indicaie
an emergency control signal [7]. Here, we input values
of 0.0 or 1.0, depending on the data bit. When we take
the logarithm of these values in the path length metric
(12), their values outweigh any other contribution made
to the curnulative metric by the received signal.

3.2 Preliminary results and efforts un-
der way

The two Viterbi blocks have been completely imple-
mented, and the full working iterative simulation de-
scribed in Section 3.1 is under way. As the prelim-
inary results show, there is incremental improvement
from the iteration, but further fine-tuning of the receiver
is needed.
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