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Abstract—In this contribution a novel sequential estimation method is
proposed for the acquisition of m-sequences. This sequential estimation
method exploits the principle of iterative soft-in-soft-out (SISO} decoding
for enhancing the acquisition performance, and that of differential pre-
processing for the sake of achieving an enhanced acquisition performance,
when communicating over various propagation environments. Hence the
advocated acquisition arrangement is referred to as the Differential Recur-
sive Soft Sequential Estimation (DRSSE) acquisition scheme. The DRSSE
acquisition scheme exhibits a low complexity, which is similar to that of an
m-sequence generator, while achieving an acquisition time that is linearly
dependent on the number of stages in the m-sequence generator. Owing to
these attractive characteristics, the DRSSE acquisition scheme constitutes
a promising initial synchronization scheme, in particular, when acquiring
long m-sequences transmitted over various propagation environments,

1. INTRODUCTION

. “Ward’s sequential estimation acquisition arrangement {1} consti-
tutes one of the simplest acquisition schemes. The philosophy behind
the sequential estimation acquisition scheme is as follows. The ac-
quisition of an m-sequence of length {25 — 1) is deemed success-
ful, provided that 5 consecutive chips are cormrectly received by the
acquisition device and ate loaded into the local m-sequence genera-
tor, where successive shifts of the chips in the generator will generate
chips that exactly match the forthcoming received chips of the trans-
mitted m-sequence. However, in the presence of noise a number of
the S consecutive chips might be in etror, potentially resulting in erro-
neous loading of the m-sequence generator. In this case a new set of
& chips can be processed similarly.
., Clearly, the most critical requirement for attaining the successful
acquisition of PN sequences based on sequential estimation [1] is that
S.consecutive chips of the received and noise contaminated PN se-
quence have to be correctly estimated. In order to improve the reliabil-
ities associated with deciding upon the value of S consecutive initial
chips, Kilgus [2] proposed a majority logic decoding aided scheme
for estimating the required S number of consecutive chips. By con-
trast, in [3] Ward and Yiu have proposed a recursive sequential esti-
mation assisted acquisition scheme. It was shown that both the above
schemes are capable of significantly improving the acquisition perfor-
mance by exploiting the inherent properties of the m-sequences for
aiding the estimation of the S consecutive chips. However, all existing
sequential estimation based acquisition schemes operate on the basis
o_f" hard-decision chips. Furthermore, in the existing sequential esti-
mation based acquisition schemes coherent detection was assumed,
which is often unrealistic to achieve, since prior to despreading the
SNR is usually insufficiently high for attaining a satisfactory carrier-
phase racking,

In this contribution we invoke the iterative SISO decoding principle
- which has originally been developed for turbo channel decoding [4],
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{5] - for improving the reliabilities associated with deciding upon the
S consecutive chips to be loaded into the local m-sequence generator.
Upon exploiting the inherent properties of m-sequences, a DRSSE ac-
quisition scheme is proposed. In the DRSSE acquisition scheme the
transmitted m-sequence is first mapped to another n-sequence, where
the time-varying carrier-phase is removed with the aid of differential
pre-processing. Then, S consecutive chips of the resultant n-sequence
are estimated using a recursive SISO decoder. An important feature of
the proposed DRSSE acquisition scheme is that it exploits the real-
time knowledge of the reliabilities associated with the S consecutive
chips. By exploiting this real-time knowledge of the chip-reliabilities
the acquisition device becomes capable of astutely managing the load-
ing of 5 consecutive chips into the local m-sequence generator. The
proposed DRSSE acquisition scheme has an algorithmic complexity,
which is similar to that of an m-sequence generator. Our simulation
results will show that the acquisition time of the DRSSE acquisition
scheme is a linear function of the number of stages in the m-sequence
generator. Furthermore, the DRSSE acquisition scheme is suitable for
m-sequence acquisition, when communicating over various propaga-
tion environments including AWGN, slow fading and fast fading chan-
nels. This is because the differential processing is at the chip-level of
the m-sequences and during a chip-interval the fading-induced phase-
changes are low, even when the Doppler frequency shift is relatively
high. ’

I1. PRINCIPLE OF SEQUENTIAL ESTIMATION ACQUISITION

The well-established maximum-length sequences, which are also
known as m-sequences, are generated using feedback shift registers
of the form shown in Fig.1. In Fig.1 D represents a unity time-delay
operation, while each of the coefficients, g1, g2, . . ., gs, represents the
presence of a connection if it is a I or the absence of a connection if it
is a 0. Let the output binary sequence be ..., c_2,¢-1,€0,€1,€2,. .
where ¢; € {+1,—1}. Furthermore, we assume that, in Fig.1, the co-
efficients gs; = g9y = ... =gsy = ... = gopy=s = 1, where s; isan
integer in the range [1, 5], while the remaining coefficients are 0. The
above configuration corresponds to the generator polynomial of

gD)=1+D" 4+ D24, + D" 4...+ D™=5 1))

where g{ D) must be a primitive polynomial (6], i.e., a polynomial that
cannot be factorized, in order to generate an m-sequence. Based on the
above assumptions, it can be shown that the output symbols of Fig.1
obey the recursive relationship of

Ci = Ci—g Ci—sg " ' Cimg " Ci(spy=9)
M
= J]eomfori=...,-1,0,1,..., @)
m=1

where ] represents the product of the coefficients.
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Fig. 1. Maximal-length sequence (rn-sequences) generator that outputs binary
sequences.

Int spread-spectrum communications using m-sequences as spread-
ing sequences, Equation (2) implies that if the receiver has the knowl-
edge of the chip values ¢;_1, ¢;—2, '+, ¢;_g before the transmitter
generates the ith chip ¢;, then the chip values ¢;—3, ¢;—2, -+, ci_g
can be loaded into the corresponding registers of the m-sequence gen-
erator at the receiver for generating the forthcoming chips, provided
that the receiver uses the same m-sequence generator as the trans-
mitter. Consequently, the corresponding replicas of the ith as well
as the forthcoming chips, namely c;, £i41, . . ., can be obtained at the
receiver, which exactly match the chips received as a result of the trans-
mitted m-sequence. Hence, the de-spreading of the spread transmitted
signal can be successfully carried out by correlating it with the m-
sequence replica generated at the receiver. What we have described
above censtitutes the principle behind the sequential estimation acqui-
sition scheme proposed by Ward 1].

I1. DRSSE ACQUISITION

The motivation of employing a chip-based differential pre-
processing operation is two-fold. Firstly, prior to despreading the
signal-to-noise ratio (SNR) is usually insufficiently high for attaining
a satisfactory performance with the aid of coherent carrier phase esti-
mators based on carrier-phase tracking loops. By contrast, the chip-
based differential operation is capable of reducing the effects of the
time-varying phase fluctuations imposed by fading and frequency off-
set. Consequently, chip-based differential pre-processing is capable of
significantly enhancing the performance of the subsequent sequential
estimation process, Secondly, from the shift-and-add property of m-
sequences {71, the product of the spreading waveform and its chip-time
delayed phase yields another phase. This indicates that the differential
processing of an m-sequence preserves the characteristics of the m-
sequences. Specifically, this property can be demonstrated as follows.

The recursive equation of the m-sequence generator using the gen-
erator polynomial of (1} is given by (2). We multiply both sides of
(2) by c;—1 and upon substituting c;_, at the right-hand side of (2) by

M

Ci—1 = H Ci—1—s,,, We oblain

n=1
M M
tcin = [ e [] ceotoon
m=1 n=1
M
= (Cimapm ~ Cim1map) fori=...,=1,0,1,..(3)
m=1

Letb; = ¢; - cj—1 in (3), where j is an integer. Then Equation (3) can
be expressed as

M
by = Hb,-_,mfori:...,—l,O,l,.... (C)]
m=1

Explicitely, both recursive equations, namely (2) and (4), describe the
same m-sequence generator. The m-sequence generated by (4) repre-
sents a specifically delayed or phase-shifted version of the m-sequence
generated by (2). Consequently, once the m-sequence of {(4) has been
acquired, the acquisiticn of the m-sequence generated by (2) can also
be achieved. The objective of the DRSSE is to achieve the acquisition
of the m-sequence generated by (4) using the proposed soft recursive
sequential estimation scheme.

A. Description of the DRSSE Scheme

The schematic diagram of the proposed DRSSE acquisition arrange-
ment is shown in Fig.2, which includes five fundamental building
blocks, namely a chip-based differential processor, an m-sequence
generator, a soft-chip-register, a SISO decoder and a code phase track-
ing loop. The chip-based differential processor executes differential
processings at the chip level, which requires that the carrier phases
between two adjacent chips remain similar. Hence, the DRSSE acqui-
sition scheme is suitable for communicating over fading channels ex-
hibiting a high fading rate. The soft-chip-register of Fig.2 has the same
S5 number of delay-units - which we refer to as soft-chip-delay-units
(S8CDUs) - as the m-sequence generator. The SCDUs store the instan:
laneous log-likelihood ratio (LLR) values of S consecutive chips of the
m-sequence in the form of (4). With the aid of these S number of LLR
values, 5 number of consecutive chips can be determined, which are
loaded into the correspending delay-units of the m-sequence generator
of Fig.2. The SISO decoder estimates the corresponding LLR soft out-
put after receiving a soft cutput sample from the differential processor
associated with a given chip of the m-sequence of (4). In addition to
the so-called intrinsic information of this chip, we aiso exploit the so-
called a-priori (extrinsic) information related to the chip considered.
This extrinsic information is provided by the previously decoded LLR
values stored in the SCDUs of Fig.2. The soft output of the SISO
decoder is then shifted to the left-most position of the SCDUs in the
soft-chip-register, while the soft value in the right-most position of the
SCDUs is shifted out and discarded. Note that both the m-sequence
generator and the soft-chip-register use the same feedback branches.
However, in the m-sequence generator the feedback elements are duo-
binary values and the product of these feedback elements is used for
generating a binary feedback quantity. By contrast, the feedback el-
ements of the soft-chip-register feeding information back to the input
of the SISO decoder consist of the LLR values. Hence, the specific
operations must be carried out in the soft-value domain for the sake of
providing extrinsic information for the SISO decoding.

B. DRSSE Acquisition Algorithm

As shown in Fig.2, the SISO decoder requires both intrinsic infor-
mation conveyed to the input of the SISO decoder by the differential
processor as well as extrinsic information provided by the previous
estimates of the SISO decoder, in order to generate the soft output re-
quired for updating the contents of the soft-chip-register. Let us now
consider these sources of information, Let Z; = aei®e; + my rep-
resent the received channel output sample corresponding to chip c;,
where ¢ = 0,1,2,.... The parameter o; denotes the fading ampli-
tude, while ¢; represents the phase shift due to carrier modulation and
channel fading. Note that when communicating over Additive White
Gaussian Noise (AWGN) channels, the term of a;e?® is set to one.
Furthermore, n; denotes the complex AWGN having zero mean and a
normalized variance of Ny /E., where Ny represents the single-sided
power spectral density of the AWGN, FE. represents the transmitted
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Fig.2. Schematic diagram of the proposed differential soft recursive sequential
estimator.

chip energy and E. /Ny represents the signal-to-noise ratio (SNR) per
chip. Assuming that the channel-induced fading and phase-rotation re-
main constant over two adjacent chip time-durations, i.e., that we have
& = oy and ¢: = $;-.1, the differential processor’s output can be
expressed as;
Ui Re{Z;- Z;_;)
0?0-' fCic1
+ Re{lae’eini +ae *eiing +mnisy), (5)

where * represents the complex conjugate operation. When using b;
¢ + ¢;—1 and, without changing the associated statistical properties,
we absorb the terms of e7%ie; and e™7%i¢, _; in the Gaussian noise
components n;_, and n;, Eq. (5) can be written as

U;=oalbi +o;- Re(ni_y + i) + Re(nini. ;). ©)

It was shown in [8] that at the SNRs of practica! interest the term
nsni_; is small zelative to the dominant noise term of ai(ni_y +n).
Consequently, if we neglect the term n;n!_,, then U; can be described
as a Gaussian variable having a mean given by ab; and a variance
given by QNg/E., where = a? represents the ensemble average
of a?. Hence, the probability density function (PDF) of U; can be
approximated as

L ex| B (y — a2b;)?
SNy Ee P\ 20N, e

The insrinsic information is derived from the LLR of b; conditioned
on the channel-related variable Us;, which can be expressed as

pu, (b = +1ly = Uy)
pu, (b =~y = Ui)

pu, (ylbi) = 4]

L(b(PU;') = log - (8)
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log (pu,-(y= Uil = +1) P(b; = +1))
pu;(y=Uslby = —-1) P(hi=-1}/°

Upon substituting py, (y = Us|b;) of (7) associated with b; = +1 and

& = —1 into (8), finally, we obtain
exp | — 25 (Ui — of)?
A P(b; = +1)
Lo = log E " € P(o = —1)
exp (_W(Ui + of )7) d
= Lo Ui+ L{bs), 1=0,1,2,..., )

where we have L. = 2a2 E. /Q2Np, which is referred to as the reliabil-
ity value of the channel, while L(b;) is the LLR of a random variable

bi, which is defined as [5] L{b;) = log Pb; = +1)

P(b; = =1)"
we set L(b;) = O, if we have no a-priori information related to b;,
which corresponds to assuming a chip value of +1 or -1 with equal
probability, i.e., that we have if P(b; = +1) = P(b; = —1).

Note that at the initial synchronization stage the estimation of the
channel parameters might be unreliable. If we have no prior knowl-
edge concerning the channel parameters, we can simply set L.
2E./N¢. However, our simulation results in Section IV wilt show
that the acquisition performance degrades in the absence of perfect
knowledge of the channei. Furthermore, for transmission over AWGN
channels the reliability value of the channel is set to L. = 2E./Np.

In the context of the extrinsic information, as in Section I, we as-
sume that in Fig.2 the generator coefficients are given by gs, = g, =
coo = g8 = ... = gsp=5 = 1, while the other coefficients are Os,
i.e., the m-sequence generator obeys the recursive equation (2) or (4).
Consequently, the previous soft outputs of the SISO decoder of Fig.2
obtained at the time instants of (i — 1), (i — 82), ..., (i — {sar = &)
are fed back to the input of the SISO decoder, in order to provide ex-
trinsic information for enhancing the correct decoding probability of
chip b;. Let the previous S number of soft outputs of the SISO decoder
be L(yi—1), L(yi—a),. . ., L(vi—s). According to (2) the extrinsic in-
formation used for enhancing the correct decoding probability of b;
can be approximately expressed as [5][Eq.(12)]

Furthermore,

o .
L(bs) = [1‘[ Sign([z(yé—sm))]

X min (lL(yi—!1)|1 lL(yl'—Sz)E: EARE} |L(yi—(sM=S))|} 1

i=0,1,2,..., (10

where we assumed that we have Le(b_oo) = ... = Le{b_a) =
Lo(b_y) = 0.

Finally, with the aid of the intrinsic infermation L. - Us + L(b;) of
(9) and the extrinsic information L.(b;) of (10), the soft output of the
SISO decoder associated with chip b; can be expressed as

L{y:)

Il

L(bidZi) + Le(b)
M
Lo - Us + L(b) + [H Sigﬂ(L(yt—sm)]
m=1

-min {lL(yi—Sl)lv |L(yi“52)i’ seey !L(yi-(mzs))l} y
i=9,12,..., (11)

2

where, again, we assumed that we have L.(b_o) =
Le(b_2) = Le(b—1) = 0. Note that (11) represents a recursive equa-
tion that can be used for estimating the 5 number of consecutive chips
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Fig. 3.  Erroneous loading probability, Pe, versus the SNR/chip, E./Ny,

performance for various numbers of chips invoked by the proposed recursive
$1S0 decoder, when transmitting the m-sequence generated using the generator
polynomial of g{ D) = 1 4+ D? + D5 over AWGN channels.

required by the receiver’s m-sequence generator for producing the full
me-sequence of (4). -Provided that the channel’s output SNR per chip
value of E. /Ny is sufficiently high, the LLR values of the S consecu-
tive chips will increase upon increasing the depth of this recursion. In
other words, the reliabilities associated with the S consecutive chips
increase, while the erroneous loading probability of the m-sequence
generator - which is defined as the probability of the event that the m-
sequence generator is loaded with one or more erroneous chips - de-
creases upon increasing the number of recursions or iterations, There-
fore, the acquisition device is capable of observing the reliabilities of
the S consecutive chips through observing the amplitudes of the LLR
values stored in the SCDUs. If the amplitudes of the LLR values in the
SCDUs become sufficiently high after a number of update operations
using (£1) and they result in a sufficiently low erroneous loading prob-
ability, then, as shown in Fig.2, a ‘loading command’ can be activated
for leading the corresponding hard-decision based binary +1 or -1 chip
values into the delay-units of the m-sequence generator according to
the polarity of the corresponding LER values stored in the SCDUs.

IV. PERFORMANCE RESULTS

I this section we provide a range of simulation results for charac-
terizing the proposed DRSSE acquisition scheme. Note that the curves
were drawn either versus the SNR per chip, namely E./No or versus
the normalized number of chips received, which also represents the
normalized number of chips that the SISC decoder processed. The
normalized number of chips L/.S was defined as the total number of
teceived chips, L, divided by the number of generator stages, S, of the
corresponding m-sequence generator.

In Fig.3 we show the erroneocus loading probability, Pe, versus the
SNR per chip, E./Ng performance for an m-sequence generated us-
ing the generator polynomial of (D) = 14- D? 4 D and transmitted
over AWGN channels. Note that in Fig.3 the curve corresponding to
the parameter of L, = 1 x § represents the erroneous loading proba-
bility of the DRSSE acquisition scheme using no recursive SISO de-
coding. From the results we can see that when more chamnel output
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Fig. 4.  Erroneous loading probability, P., versus the SNR/chip, B./Ng,
performance for various numbers of chips invoked by the proposed recursive
SIS0 decoder, when transmitting the m-sequence generated using the generator
polynomial of g(D) = 1 4+ D + D3 + D% 4+ D13 gver AWGN channels.

chips are involved in the recursive SISO decoding process, a higher
correct detection reliability and hence a lower erroneous loading prob-
ability can be achieved. For the sake of illustration, let us assume
that the transmitted m-sequence can be reliably acquired, once the ez-
roneous loading probability is lower than 10~4. Then, from the re-
sults of Fig.3 we can observe that the m-sequence can be reliably ac-
quired at an SNR per chip value of E. /Ny = 0dB by invoking about
L = 40 x § = 40 x 5 = 200 chips into the recursive SISO decoding
scheme. By contrast, without exploiting the power of recursive SISO
decoding, the DRSSE acquisition scheme has to operate at an SNR
per chip value of E. /Ny = 9.5dB, in order to achieve the same erro-
neous loading probability of 1074, Explicitly, at the erroneous load-
ing probability of 1077 the SNR per chip gain is about 9.5dB, when
L == 200 chips are invoked by the recursive SISO decoding scheme.
In general, it is expected that when more chips can be used during the
recursive SISO decoding process, an increased gain can be achieved
by the proposed DRSSE acquisition scheme. For example, when in-
voking L = 200 x S instead of L = 40 x S chips into the recursive
SIS0 decoder, another 1.7dB SNR per chip gain can be achieved at the
ertoneous loading probability of 10~

Fig.4 shows the acquisition performance for an m-sequence hav-
ing a period of N' = 8191 chips, which was generated by a thirteen-
stage (5 = 13) generator using the generator polynomial of g(D) =
1+ D+ D%+ D*+ D', Asshownin Fig.4, the m-sequence can be
reliably acquired at an SNR per chip value of E,/Ng = 1.7dB, when
invoking about L = 40 x § = 40 x 13 = 520 chips in the recur-
sive SISO decoder. This m-sequence can also be reliably acquired at
a reduced SNR per chip value of E./Ny, = 1dB by invoking about
L =200 x § = 200 x 13 = 2600 chips in the recursive SISO de-
coder. By conirast, in the absence of the recursive SISO decoding,
the PN code acquisition scheme has to operate at the SNR per chip
value of E./No = 10dB, in order to achieve the erroneous loading
probability of 10™%, Hence, the SNR per chip gain recorded at the
ermoneous loading probability of 10" is about 8.3dB or 9dB, respec-
tively, when L = 520 or L = 2600 chips are invoked by the recursive
SISO decoder. Note that even though L = 2600 chips are invoked
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Fig. 6.  Crroneous loading probability, Ps versus the normalized number
of received chips invoked by the proposed recursive SISO decoder for an
m-sequence having a period of 8191, when communicating over AWGN or
Rayleigh fading channels and using an SNR per chip value of E./Ng = 2dB
for § =13.

by the recursive SISO decoder for achieving reliable acquisition at the
SNR per chip value of E;/Ny = 1dB, the associated acquisition time
of L = 2600 chip durations is still significantly lower than that of any
conventional serial search acquisition scheme, which requires a2 mean
acquisition time on the order of the period of the m-sequences consid-
ered, i.e., 8191 chips in this example.

In Fig.5 we investigated the acquisition performance of the DRSSE
acquisition scheme for transmission over Rayleigh fading channels.
As we analysed in Section 1[I, when communicating over fading chan-
nels, depending on whether the recursive SISO decoder employs per-
fect knowledge or no knowledge of the fading channel, the term L.
in the intrinsic information of (9) can be set to L. = 20°E, /§tNo
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orlo L = 2E./Ny. In Fig.5 we also compared the acquisition per-
formance recorded in the context of these two cases. In Fig.5 the m-
sequence was generated by a thirteen-stage m-seguence generator us-
ing the generator polynomial of g(D) = 1+ D + D + D* 4+ D'3,
From the results of Fig.5 we observe that the acquisition performance
improves in both cases, when increasing the number of received chips
invoked by the recursive SISO decoder. However, compared to the
acquisition performance achieved, when using no recursive SISO de-
coding (the curve marked with circles), for a given number of received
chips, the recursive SISO decoder using perfect channel knowledge
provides a higher SNR per chip gain than that attained without using
any channel knowledge. This observation can be explained with the aid
of (11). When perfect knowledge of the channel is employed, Equa-
tion (11}, in fact, is processed based on the ‘maximal-ratio combining
(MRC)’ principle. By contrast, without the knowledge of the channel,
Eq.(11) is processed based on the ‘equal-gain combining (EGC)’ prin-
ciple. It is well-known that the MRC scheme outperforms the EGC
scheme in multipath fading channels.

Finally, in Fig.6 we show the erroneous loading probability perfor-
mance versus the normalized number of received chips used by the
recursive SISO decoder for an m-sequence generated by an § = 13-
stage m-sequence generator and hence having a period of 8191 chips.
The results were generated for transmissions over both AWGN and
Rayleigh fading channels at the SNR per chip value of E./No = 2dB.
Observe in Fig.6 when communicating over AWGN channels, the
DRSSE acquisition scheme is capable of achieving an erroneous load-
ing probability of 10~2 after receiving approximately 20 x 13'= 260
chips. By contrast, when communicating over Rayleigh fading chan-
nels, the DRSSE acquisition scheme is capable of reaching the er-
roneous loading probability of 1073 after receiving approximately
500 x 13 = 6500 chips. These results imply that with the aid of
the proposed recursive SISO decoder the required target performance
can be achieved, regardiess of the specific communication environ-
ment encountered upon invoking a sufficiently high number of chips
in the SISO decoder. The results of Fig.6 indicate that successful ac-
quisition can be achieved by the proposed DRSSE acquisition scheme,
when communicating over Rayleigh fading channels at B /Ny = 2dB
within about 6500 chip durations, which is lower than the 8191-chip
period of the transmitted m-sequence.
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