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Noncoherent Sequence Detection in Frequency
Nonselective Slowly Fading Channels

Giulio Colavolpe Student Member, IEEEBNd Riccardo RahelMember, IEEE

Abstract—A new class of noncoherent sequence detectionschemes? The starting pointin [1] is the optimal noncoherent
(NSD) algorithms for combined demodulation and decoding of receiver which operates in the presence of a random phase
any coded linear and continuous phase modulations, transmitted rotation of the received signal, modeled as constant during the

over additive white Gaussian noise (AWGN) channels, has beent o d AWGN. Si timal detecti
recently presented. In this paper, this class is generalized to the ransmission, an - 2INCE optimal sequence detection re-

case of frequency nonselective Rayleigh or Rice slowly fading quiresasearchofapathinatree diagram, the required complexity
channels, in the presence or absence of channel state information.increases exponentially with the duration of the transmission. In

Coded linear modulations, namely M-ary phase shift keying [1], proper approximations are proposed in order to reduce the
(M-PSK) and quadrature amplitude modulation (M-QAM), are Jproblemtoasearchofapathinatreliis diagram andrealize simple
considered. The proposed detection schemes have a performanc . . . . .
which approaches that of coherent detectors, are very robust to SUPOPtimal detection schemes based on a Viterbi algorithm.
phase and frequency instabilities, and compare favorably to other Besides being realizable, these suboptimal schemes have the
solutions previously proposed in the technical literature. convenient feature of allowing us to remove the constant phase
Index Terms—Fading channels, maximum likelihood decoding, assumptmnand encompa;smg'ume-varymg phase models.
noncoherent sequence detection, Viterbi decoding. For increasing complexity, the performance of NSD schemes
is shown to approach that of optimal coherent receivers [1], [18].
A performance gain may be obtained with respect to existing
schemes, with acceptable levels of complexity—the tradeoff be-
N THE technical literature, a growing effort has been recenttyween complexity and performance being simply controlled by a
devoted toward the derivation of improved noncohereparameter referred to @asplicit phase memorgnd the number
detection or decoding schemes [1]-[16]. Improvements witf trellis states [1]. NSD schemes are very robust to oscillator in-
respect to differential receivers [17] were proposed in [3]-[6}abilities, such as phase noise and time-varying frequency off-
for PSK modulations, using an extended differential detectsets, and do not require an acquisition period as in the case of
based on decision feedback. Multiple-symbol differential deoherent detection schemes based on PLLs. For these reasons,
tection (MSDD) was presented in [7]-[9] for PSK modulatioithey appear very attractive for burst-mode transmissions typical
(see also [10]) and extended to trellis-coded PSK [11]-[13)f future generation wireless local loop, mobile-to-satellite, and
coded and uncoded quadrature amplitude modulation (QAMgllular mobile radio systems.
and fading channels [14], and to improve the performance ofln this paper, noncoherent sequence detection is extended
coherent receivers based on a phase-locked loop (PLL) [18].the case of Rayleigh or Rice frequency nonselective slowly
Multiple-symbol differential receivers are based on maximufiading channels. To this purpose, two approaches are consid-
likelihood detection of a block of information symbols based o@red. In the first approach, the problem of noncoherent sequence
the observation of a corresponding signal block. A trellis-baséeétection under the assumption of perfect knowledge of the am-
noncoherentdetection schemeis consideredin[16], which makditude of the channel fading is faced. We refer to this case as
use of a Viterbi algorithm whose branch metrics are heuristicalfigtection in the presence of channel state information (CSI). In
assumed equal to the block metricsin MSDD. As ageneral resiiite second approach, the detection problem in the absence of
the performance of noncoherent schemes based on exteri@vledge of the fading amplitude is addressed. Although in
windows of observation of the received signal improves, for iprinciple a statistical knowledge of the channel fading ampli-
creasing observation length and receiver complexity, and rapidiigde would be necessary, excellent approximations are obtained
approachesthat of optimal coherentreceivers. which do not require any knowledge of the channel statistics. We
In [1], NSD schemes for combined detection and decoding tfer to this case as detection in the absence of CSI. Although
coded linear modulations have been proposed. This appro#eg paper concentrates on coded linear modulations, extensions
“moves beyond the crude block detection found in this aret®, the case of continuous phase modulations may be dealt with
to more natural, logical and optimal trellis-based detectidsy the methods described in [1] and [2].
The proposed algorithms are very effective for Rayleigh
or Rice fading and AWGN channels. Numerical results for
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fooeé w() shaping pulse, with one sample per signaling interval, yields a
{a.} {en} s(t,c) % g % r(t) {a,} sufficient statistic for optimal detection of the information se-
e MOD J REC quenceIn the absence of intersymbol interference, this sam-

pled output may be expressed as
Fig. 1. System model.

Ly = fejecn + w, Q)

ones and, to our knowledge, are the only detection schemgsere {w,} are independent identically distributed complex
of practical significance for multiamplitude modulations. Imoise samples with independent components, each with vari-
[14], the problem of MSDD of QAM signals transmittedanceo?. In the following, the sample$z,,} will be referred
over slow Rayleigh fading channels is considered. Although asobservations

specific solutions are proposed in [14], their performance is

not analyzed. We show that the metric proposed in [14] for |||. NSD wiTH PERFECTCHANNEL STATE INFORMATION

this detection problem yields a significant irreducible error .
f We now assume that the receiver has perfect CSI, represented

probability, or error floor. This result, observed by means % . .
simulation, is theoretically proved in the Appendix. y the channe_l gaiff|. As an examplg, this know!edge may
In the next section, we review the assumed system model well approximated by means of a simple data-aided estimate
relevant background. The proposed NSD schemes in the p sed on a known preamt_)le pre(_:e_dlng the_ dgta burst. In th? case
%%perfect CSl, an alternative sufficient statistic may be obtained

ence of CSl are described in Section lll. In Section 1V, the ca: lizina th ved ina the k .
of absence of CSl is considered. The resulting branch metr normalizing the received samplgs, } using the known gain

depend on some statistical parameters of the fading amplitu}ﬂ%.ue as

Approximations are then proposed in order to obtain simplified o A %n )
branch metrics which do not require knowledge (or estimation) Sl

of any statistical channel parameter. In Section V, numerical rﬁéing polar coordinates to express the fading coefficierft as
sults are presented. For increasing complexity, the performanlz i we have

of the proposed detection schemes is shown to approach J t

(1L

of optimal coherent receivers. Finally, conclusions are drawn in T, = cneie' +wl, (3)
Section VI.
where
Il. SYSTEM MODEL AND BACKGROUND 9201 q (4)
The assumed system model is shown in Fig. 1. An informa- A Wn

p ,
tion sequencda, }, composed of independent and identically n Ifl ®)
distributed symbols belonging to a@d-ary alphabet, is mapped
into a code sequence by means of some coding rule. We ass
a burst-mode transmission wifki code symbols per burst and
denote withe = (cg,c1,---,cx—1)% a column vector whose

elements are the code symbols transmitted In a bur;t. Thec ﬂon, independently of the distribution@f Under the approx-
sequence is further mapped by a modulator into a time-cont]

: L ; Hations used in [1] and [2], the noise variance does not affect
uous signak(t, ¢) which is transmitted over a frequency nons

. . Y "~ "the receiver strategy. Therefore, the results in [1] and [2], still
elective slowly fading channel, represented by a multiplicati 9y [1] (2]

W . X
I d the NSD th f perfect CSI b
complex random variablg, modeled as Gaussian with megn §pp y and the fECeVer, In the Case o1 pertec > mayhe

. 9 _ _ based on a Viterbi algorithm with branch metrics
and variance ;. The transmitted signal also undergoes a phase

With respect to a channel which introduces an unknown phase

ft only, considered in detail in [1] and [2], we now have two
differences: the phase shift # and the variance of the noise
?cﬁmples i$r2/|f|2. The random variabl¢’ has uniform distri-

rotation?, modeled as a random variable with uniform distribu- N-1 Nt 1,
tion in the interval0, 2r) and independent of. Although both ~~ An(&) = | > @ 48| = [ Y 2 sl s| — 5 lénl
f and# are assumed to be constant during the transmission of k=0 k=1

each data burst, the approximation of memory truncation intro- (6)
duced in the next sections, as in [1] and [2], has the conveni%vrﬁ
feature of allowing us to remove the constant channel assurrllé)F
tion and encompass time-varying models.

The choice of the value of; allows us to take into account
both Rayleigh(n; = 0) and Rice fading distributions, with a
factor K 2 |n71/3. The channel also introduces AWGN of In this section, we derive the NSD receiver assuming absence
complex envelopeu(t) with independent real and imaginary°f CSI. in the sense that the receiver has a statistical informa-
components, each with two-sided power spectral der§iy tion about the fading gain only. Specifically, using polar co-

Assumingn; = 1 andgj% = 0, we obtain the limiting case of ordinates to express the megp of the random variabl¢ as
an AWGN channel. ny = |nyle’®s, we assume that the receiver knows the value

Assuming that signad(z, ¢) is linearly modulated, it may be  2rpis is not true in the case of a time-varying fading channel, where a suffi-
easily shown that sampling the output of a filter matched to thent statistic may require the usemfersampling19].

erecis a hypothetical code vector aidis an integer which
eferred to agimplicit) phase memonas in [1] and [2].

IV. NSD WITHOUT CHANNEL STATE INFORMATION
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[ny], the fading variancefc, and the noise variane€. In prin-  as a function oft /~ in order to avoid numerical problems for
ciple, an estimation of these parameters could be obtained frorgh signal-to-noise ratio, wheft — +oc. Averaging (12)
the observation of a few preambles of consecutives bursts. Homith respect tdd, we obtain

ever, it is shown in the following that in all significant cases an

estimation of these parameters is not necessary. p(x]é) = 1 /277 plz|é 5) dé
Recalling (1), the conditional probability density function of 2r Jo ’
the observation vectar = (wo, @1, ,zr_1)T, given a code . 1 ox _@
vectoré and a hypothetical phageis obviously Gaussian o 7rK(202)K—10§ P\ 752
2172
~ 1 w2 nelClel
¢.0)= ——— —(z—np )l C z — |cHz|? — =1
px|e,6) = (O exp[—(z —n,)"C;  (x — n,)] 1 - % 1 ~
@ T e
where[-]7 is the transpose conjugate operator and Ins| e z|
/ N 5 1 v
ne 2 Blw|2,0) = npele ® T ~
y - — C
CxéE{ (x_ﬂx)(x_ﬂx)H|679} v
=ojee! +20°1 (9) wherely(z) is the zeroth-order modified Bessel function of the

first kind. For Rayleigh fading, (7) is independent &fAs a
are the conditional mean and covariance matrix. Using [2onsequence, this averaging operation is not necessary and the
equation (3.54)], it is possible to express the inverse covariary%@.) function does not arise. Setting = 0 in (13) directly
matrix as accounts for this fact. As intuitively expected, due to the non-
coherent nature of the strategy, the result in (13) is independent
C,.' = (o7& + 1) = —I-— —— of#é;. Therefore, knowledge of this phase is irrelevant for the
20 40 1+ 7 Ek detection process. Ideal NSD corresponds to the maximization

202 of the following metric:
(10)

1 o3 el

A(e) 2 In p(z | o)
The following relation may also be easily verified: K\ =op s 2 Jel2
- nrl~|c

, e — S
det(o3eet +20°1) = (20%) K (a;% & + 202) R 2 1n<|é|2 n %) 41 g

T
2 — +¢?
5

Substituting (10) and (11) into (7), after some tedious but
straightforward manipulations, we obtain (12) shown at the Ins| " z|
bottom of the page, which, in the last step, has been expressed ) 1 y

; A 2 2 : P +o'Iln | 5| —"— (14)
as a function ofy = o7 /20%. This quantity is useful because o2 1
the branch metrics derived below from (12) can be expressed

50 ! 1 2

p(:ﬂ | C, 9) = 7rK(202)K7102 952 exp 557
! ez + =
¥

o A2 _ |aH a2 o? e
2 —5 [nsl*le]* — [e" =] —4—2Re{77}e_1 ¢z}
expl ——=
P 202 202

2
7§

1 < |:c|2> 1
= Kio-nk-1,2 Pl 753
K (202)K~1o2 20 |é|2-|-1
5
1 . . 2|l 6"z . =
1 ; |77f|2|c|2 —|efx)? — % cos(arg{e x} — 6y —0)
“exXpy — 53 T (12)
20 4 |é|2
Y
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where the expression ~ 4 denotes that: andy are mono-  The difficulty inherent in the incremental metric (17) is its
tonically related quantities. This metric is a special case of [1dnlimited memory. In fact, this metric depends on the entire
equation (A-12)]. previous code sequence. This implies that the maximization of
Equation (14) represents the exact expression of the likke sequence metric may, in principle, be realized by a search
lihood function. Some approximations are now introduced f a path in a properly defined tree diagram. From the imple-
order to realize simple suboptimal detection schemes basedneentation viewpoint, approximate tree search algorithms must
a Viterbi algorithm. We adopt the approximatibtilo(z)] ~ «, be used, unless a very short transmission length is assumed. As
valid for large values of the argument. This approximation is [1], in order to limit the memory of the incremental metric
valid for high values ofr;| and1/a2, hence for high signal-to- (17), a truncation is introduced, aimed at allowing us to search
noise ratio and a high Rice factéfg. With this approximation, a trellis diagram by means of a Viterbi algorithm. To this end,
(14) may be expressed as shown in (15) at the bottom of timg(17) we may consideN < K most recent observations,
page. Proceeding as in [1] and [2], we may define a partial sErd code symbol&, only. After an initial transient period, i.e.,

quence metric at theth signaling interval forn > N — 1, the resulting approximate truncated-memory
An(@) incremental, or branch, metric is shown in (18) at the bottom of
1 the next page. As already mentioned, the receiver is based on

A2 Z lé? + 1 a Viterbi algorithm and requires knowledge of the parameters
= ¥ Ins|, o*, anda?. The branch metrics (18) are valid in the case

el 2 J— o1 of any linear modulation and any (Raylegh, Rice, or AWVGN)

Z A M Z lénf? + 2 m Z P channel. However, they may be significantly simplified in the

N 1 =0 T o T =0 following special cases.
2

n—1
1 + Z |éx|? A. Equal Energy Signals
Tk=o0 We now concentrate on the special case of equal energy sig-
(16) nals, such as PSK modulations in the absence of intersymbol
and an incremental metric as shown in (17) at the bottom of theterference. Eliminating from (15) the terms which do not de-
page. pend on the hypothetical code vectpbecause the code sym-

2|52 oH
e - ag7lel” | o lnglle”a]

1
Ak (e) ~ —o? 111<|é|2 + —) + = 17 v
v e
5
2o e gl '
K1 1 1 Z TRy — T Z léx]? + 2 T Z TrCy,

_ 2 2 1 1 =0 k=0 k=0
= —g 1n<kz_0 |Ck| + ’Y) + 2 1 (15)

==

+ ) lal?
k=0

2| =0 1 Jk=o k=0
n—1 2 1 n
& + - ~+ el

o R

n—1 2 |77 |2 n—1 |77 | n—1

ST S, S

2 = (17)
LS
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bols have now constant modulus, we have the following exprehe evaluation of these branch metrics obviously requires
sion of the sequence metric knowledge ofs? and (or, equivalently,s? and o). Since
high values of signal-to-noise ratio are typical of Rayleigh

K-1 2 K—1
Ax(e) = znél| +2 7] Z mél. @9) fading channels, we may use the approximatiofs~ 0 and
o A ot 1/~ =~ 0, obtaining
Adding the term|n¢|?/+?, independent o&, we have the fol- N-1 2 IN-1 2
lowing equivalent sequence metric: > il >zt
K-1 2 K-1 (@) = =0 — L=t (23)
} B, sl } Insl? n N-1 N-1
Ax(e) ~ xph| +2—— xRy + . .
= 2 il St b
. 2 . =0 =1
K-1 K-1 . . . .
_ Z zréh| + M ~ zxéll . (20) which are independent of the channel parameters. Simulation
=0 v o results show that the performance of a receiver based on (23) is

In the last step, the fact that the square of a positive quantitye@u'Valent to that of the receiver based on (22), in wbl%lapd :
monotonic has been used o’ are assumed perfectly known. Therefore, the approximation

Introducing partial sequence metric, incremental, and truH§zd |_ntthe dt_erlvanonltof (23)bT?y l(:;ebconaderedfvghd.l tion i
cated-memory branch metrics, we finally obtain N Interesting result we obtained by means ot simuation 15
) ) that, in the case of a Rice fading channel, a receiver based on
= o = . branch metrics (23) is practically equivalent, in terms of perfor-
=0 i=1

mance, to a receiver based on branch metrics (18) in wWhigh
. ) ] o ) ) aJ% ando? are assumed perfectly known. We could not interpret
which evidently does not require any statistical m;ormatloihis result in terms of suitable approximations of (18) for a gen-
about the channel, because it does not depeniddnoy, and  grq| Rice fading channel. However, we note that a receiver based
o?. This result coincides with that found in [1] for an ANGNg, pranch metrics (23) would deliver reliable decisions indepen-
channel, in agreement with the intuition that the channel ggjfantly of the actual value of the fading gain, provided this gain
is irrelevant in the detection of equal energy signals. is slowly varying. This provides some intuitive understanding of
the fact that this receiver would work independently of the dis-
tribution of the fading gain, though we could not have predicted
The branch metrics in the case of a Rayleigh fading channght its performance is good. For these reasons, the branch met-
may be obtained lettinf | = 0 in (18). Accordingly, we have rics (23) will be used in the numerical results for nonequal en-
2 ergy signals and both Rice and Rayleigh fading channels.

)‘n(&) =

(21)

B. Rayleigh Fading Channels

N-1 1 N-1
~ 2 ~%
Cpn—i|” + — Tn—iCph_;
y 21 ; | | v 1 ; C. AWGN Channels
n(€) = =07 In| = i 1 2 1 N For an AWGN channel, the results in [1] may be obtained
D Jen—il? + S St > lénil®  letting 0% = 0, = 0 and|n;| = 1. Multiplying numerator
i=1 ) =0 and denominator of each fraction in (18) hyit is immediate
N-1 to obtain
1 Z Ln—iCp_; N-1 N—-1 1
i=1 PAR o _ ok — 2 & 1?2
5 . N1 (22) )\n(c) = ; Tp—iCp_; ; Ln—iCp_; 5 |Cn| (24)
) T _ _
Pl which coincides with the result in [1].

N-1 2

ool
Z|cn_,| +,y

N—1 N—-1
A i—0
)\n(c) = —¢"In * -

et
E : Ln—iCp_;
=0

N-—1
(e gl

> Tnmitii
=0
N-1 1 2 1 N_1
Z |én—i|2 + - -+ Z |én—i|2
i=1 v v =0
s N~ Iny]
Z xn—iézfi - - Z |6n—i|2 +2—

N—-1
E Tn—iCyy
i=1
9 N—1

1 .
3 b
v i=1

2

(18)
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TABLE | 10
SUMMARY OF THE DERIVED BRANCH METRICS IN THE CASE OF
ABSENCE OFCSI
. T3
Rayleigh channels eq. (23) 10" o gm
] B ,
Rice channels eq. (21) Sy
_ Hte chante® | -
AWGN channels eq. (24) or (23) ;\\ P
-2
Equal energy signals | Non-equal energy signals 10 -
o
i pY
@ X
Interestingly, simulation results show that branch metrics (28 44= N
may also be used _in this case with a minor energy loss, wi't 155 C8I; £,7=0.005
respect to the metrics (24), of a fraction of decibels only. Thit | =——e No-CS8lI; £, 7=0.005 N
fact confirms the correctness of the interpretation given at th ot L = gglcgl’ ;'f"a";i;zd'"g
end of the previous section. Coherent receiver
D. Summary of NSD Without CSI e e
. . . 1 0-5
In Table I, the expression of the proposed branch metrics i 0 3 6 9 12 15 18

each considered case is summarized. In all cases, a knowlec E,/N, [dB]

of channel statistics is not required.

Fig. 2. BER of the proposed receivers with and without GS& 4 andN =
3, for differentially encoded 16-QAM and Rice fading wiitizy = 10 dB. The
performance of an ideal coherent receiver is also shown for comparison.

The performance of the proposed detection algorithms is as-
sessed by means of computer simulations in terms of bit err
rate (BER) versu&’, /Ny, E;, being the average received signal
energy per information bit.

Asin [1] and [2], the state-complexity of the proposed detec  10™
tion schemes may be limited by reduced-state sequence det
tion RSSD [21], [22]. This technique allows us to choose inde
pendently the two parameters: phase menmérgnd number of 107 N
statesS of the Viterbi algorithm. Hence, the number of statesn: R s s s O S
may be limited without excessively reducing the valueNaf L ;K\
In order to compute the branch metrics (6), (21), (23), or (24 - SN
in a reduced trellis, the necessary symbols not included or n 0" =
completely specified in the state definition are found in the sut -|©0—0 CSl; £,7=0.002
vivor history according to per-survivor processing (PSP) [23] | - . mggg:’;ﬁﬁﬁg&ig ke
Receivers withS = 1 and.S = 4 are considered. We note that, 10 o—a CSI; slow fading \
in the limiting case ofS = 1, the trellis diagram degenerates *_—x Coherent receiver
and symbol-by-symbol detection with decision feedback is pe!
formed. 10°

The transmitter and receiver filters are assumed to have eqt 10 20 30 40
square-root raised-cosine frequency response with rolloff 0.L. E/N, [dB]

Each burst is composed of a prgamble and an information ﬂ(?Jid. 3. BER of the proposed receivers with and without GSk 4 andN =

of 100 symbols. CSI-based receivers use a preamble of 10 Slérﬁ(')r differentially encoded 16-QAM and Rayleigh fading. The performance of
bols. These known symbols are used for estimating the fadiagideal coherent receiver is also shown for comparison.

gain|f| using a simple method based on the sample mean. A

more refined estimation may be conceived but, in the case ofiB and Rayleigh fading is shown in Figs. 2 and 3, respectively.
slow fading channel, the used method gives a receiver perfohe performance of an ideal coherent receiver, i.e., a receiver
mance equal to that achievable with a perfect knowleddé|of which perfectly knows the fading coefficiefitand the channel

For the receivers without CSI, a preamble/éf- 1 symbols is phasé, is also shown for comparison. It may be observed that
used. These symbols are necessary to initialize state and brathelproposed receivers exhibit a moderate performance loss with
metrics of the Viterbi algorithm. In both cases of presence ogspectto the ideal coherent detector. Furthermore, the receivers
absence of CSl, a postamble of 1 symbol for the receivers witlith and without CSI are practically equivalent.

S = 4 is present in order to correctly terminate the Viterbi al- The robustness of these receivers in the case of time-varying
gorithm. fading channels is also investigated. The fading autocorrelation

In the case of 16-QAM, quadrant differential encoding, dsinction is assumed equal t& (2 fp7), where Jo(-) is the
described in [1], is used. The performance of the proposed Bessel function of zeroth order, according to an isotropic scat-
ceivers withS = 4 and N = 3 for Rice fading withKzr = 10 tering model [24]. The fading speed depends on the normalized

V. NUMERICAL RESULTS

10°

Vil
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10° 10°
10™
10° o
107 e
o——o0 D&S; N=2; diff. enc. A ]
o———o D&S; N=3; diff. enc. A
10* |e——e D&S; N=2; diff. enc. B N
s—m D&S; N=3; diff. enc. B [ @ o, = 10 deg.
~—n Proposed; N=3, S=4 =& c, =5 deg. s
*——= Coherent receiver MDA g geg.
10° T 7 i i 10° |*—<oc,=0deg.
10 20 30 40 10 20 30 40
E,/N, [dB] E/N, [dB]

Fig. 4. BER of the proposed receiver without CSl,= 4 and N = 3, for Fig. 5. BER of the proposed receiver without CSl,= 1 and N = 4, for

differentially encoded 16-QAM and slow Rayleigh fading, and comparison gfferentially encoded QPSK, slow Rayleigh fading, various values of phase
that of the receivers in [14] (D&S). noise standard deviation (black marks) and comparison with a coherent receiver

based on a decision-directed PLL (white marks).

Doppler bandfp7’, which is set to the values 0.005 and 0.002 s . .

: . . . : xample, may be due to a Doppler shift in a mobile to satellite
for Rice and Rayleigh fading, respectively. From Figs. 2 and 3, . ; .

. . . . sa/stem with a low earth orbit (LEO) satellite.
we may (_:onclude_ that, in the presence of a time-varying fadin 'Fig. 5 compares the performance of the proposed noncoherent
the receivers which operate without CSI are clearly more rg-_ . . .
. : receiver withV. = 4 andS = 1, for differentially encoded

bust than those with CSI, whose performance rapidly degrad§§38K and a slow Rayleigh fading channel, to that of a co-
We have verified that this behavior is not due to an insufficien . T R

. L . ) o herent receiver based on a second-order maximum-likelihood
quality of estimation of the fading amplitude by providing ecision-directed PLL. In this case, the coherent receiver does

idealized receiver with perfect initial CSI. The high error floor ot need anv knowledae about the fading coefficient. and is
exhibited by the CSl-based receiver is mainly due to the signifi- y 9 9 ’

cant time variation of the fading amplitude within the data burs ased ona symbol-by-symbol receiverfollowed by a differential

and due to the fact that the considered receivers do not em ‘ecoder. For the considered burst-mode transmission scheme,
PIRY PLL is ideally reinitialized at the beginning of each data

a tTaCking subsystem in order to adaptively estimate the ChanBSrst with the correct phase value; hence, it starts in the lock-in
gain value. ’ !

. h ; fth q ) ith condition. In the figure, the value of the PLL noise equivalent
In Fig. 4, the performance of the proposed receiver withopt 4 vidth has been optimized by simulation for each value of

CSl, 5 - 4and = 3 :S compqred to that of thﬁ receive;s Pﬁ[O'Eb/NO. As we may note, a phase noise standard deviation up
posed in [14] by Divsalar and Simon (D&S) inthe case of di €lto 5° does not significantly degrade the performance of the pro-

entially encoded 16-QAM and a Rayleigh fading channel. The o noncoherent receiver. This may be also noted in Fig. 6
proposed receiver performs better and does not exhibit an enay

) _ ich shows, for both receivers, the signal-to-noise ratio for a
floor which, on the contrary, characterizes the performance[g R of 103, as a function of the phase noise standard devi-

the receivers in [14], even in the case of a slow fading channgl,, “ynjike the proposed receivers, the PLL-based ones are
a_nd for both the quadrant qllﬁ‘eren_nal encodmg rule here_ COlffected by unavoidable losses of the lock-in condition within
sidered (case A) and the differential encoding rule consider:; data burst for high phase noise

in [14] (case B). The existence of this error floor is theoretically The proposed noncoherent receivers are also robust to fre-

proved in the Appendix. Note thatthe differential encoding rulgy ey offsets, as may be observed in Fig. 7 for differentially
adopted in [14], modifies an original -point square QAM con- oo 4ed QPSK and a slow Rayleigh fading channel (receiver
stella_tlon into a nonsquare one characterized by a larger num, h N = 4, andS = 1). Frequency offsets, normalized to

of ppmts. _ _. the symbol frequency/T’, up tor 7" = 10~2 do not entail ap-

Finally, the performance under dynamic channel Cond't'orp‘ﬁeciable degradation.

has been investigated. Two types of time-varying phase models
are considered. The first one is the well-known stochastic model
of phase noise. Accordingly, the phabseaf the received signal is
modeled as a time-continuous Wiener process with incrementaNoncoherent sequence detection is establishing itself as an
variance over a symbol interval equal4g_. The second one attractive alternative to PLL-based coherent detection in appli-
is a deterministic model of a frequency offsetvhich, as an cations where phase or frequency instabilities are significantand

VI. CONCLUSION
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APPENDIX

In [14], MSDD schemes for slow Rayleigh fading and multi-
amplitude modulation formats have been proposed. The receiver
operates an exhaustive search over a block symbols, based
on the metric

N-1
n(e) 2 _2In <0J2c Z |Er_il* + a2>

g i=0
= N-1 2
E OJQC Z a:k_iéz_i
=0
+ I (A1)
o2 4 O'JQC Z |ék—i|2
1=0
where¢ = (éx_n+1,- -, Cu—1, &) IS the hypothetical block of
. . . NN code symbols. In this appendix, we prove the existence of an
0 2 4 6 8 10 irreducible error probability, or error floor, for this receiver.
o, [deg.] The performance of a receiver exhibits an error floor if, even

for B, /Ny — o0, 1.€., inthe absence of noise, receiver decisions

Fig. 6. E./N, as a function of the phase noise standard dewanon for BE
equal to10- of the proposed receiver without CSJ, — 1 and N' = 4., ﬁ1ay be affected by some errors. In the absence of noise, we have

for differentially encoded QPSK, slow Rayleigh fading (black marks), ang” = 0 andz;, = ¢, fe?%. Substituting in (A1), we obtain
comparison to a coherent receiver based on a decision-directed PLL (white 2

marks).
Y i
~ i=0
10° n(e) = |f1? B E— (A2)
>l
\ =0
107 %= A receiver exhibits an error floor if it is possible to find a trans-
N mitted blocke and an admissible competitor blogksuch that,
----------------- - in the absence of noise,
102 \\?\\\\4\ B
= s n(e) = n(e). (A3)
0 > % )
w NN If n(¢) > n(e), the receiver erroneously selects the sequeénce
10° |[oovT=0 NN If n(¢) = n(e), the receiver chooses randomly between the two
1o—o vr=10" & sequences. As a consequence, an error is made with probability
10— vI=2.10" Rl 1/2
|o vr=3107 R In thi in th f multiamplitude modulati h
10% | VT=2.102 BN . n this paper, in the case of multiamplitude modulations, suc
1v—v vi=5.102 B asM-QAM, a quadrant differential encoding is considered [1].
A different differential encoding rule is adopted in [14] which,
- however, modifies an original square QAM constellation into
10 10 20 30 40 @ nhonsquare one characterized by a larger number of points.
E dB Following this differential encoding rule, the code symbgl
¥/ No [dB] ) : :
is related to the information symba}. by [14]
Fig. 7. BER of the proposed receiver without CSl,= 1 and N = 4, for . jarg{cr_1} Ad
differentially encoded QPSK, slow Rayleigh fading, and various values of the G = arc : ( )

normalized frequency offset. We now show the existence of an error floor for the metric (A1)

and both differential encoding rules.
burst-mode transmissions. This paper extends noncoherent sgye consider the case of a square QAM constellation and, in
quence detection to the case of slowly fading channels. Vej¥neral, constellations which include the poigts= 1+ j and
effective detection strategies have been presented which do ot 34 3;. In the case of quadrant differential encoding [1], if
require any knowledge of channel statistics and achieve a perfor- o B i = \fBei /Y
mance close to that of ideal coherent detection for Rice fading* = -1 = """ = tk—n+41 =1 +7j = V2™ (A5)
with any factor (from AWGN to Rayleigh fading). Multiampli- @z = Gx—1 = -+- = ag—n4+1 = 3+ 3] = 3v2e0/Y (A6)
tude modulation formats, such as 16-QAM, have been expligsq code symbols,_y andé,_y belong to the first quadrant,
ity considered. The proposed NSD schemes derived in the ghs pave
sence of CSl are very robust to time-varying fading as well as .
phase or frequency instabilities, and are clearly more robust thaffk = ¢k—1 = " = Ck—N+1 = 1+5= V263 (=14
schemes derived under the assumption of perfect CSI. Ch = Crho1 = -+ = Ch_n41 = 34 37 = 3V27D (AB)
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and

2

N—-1
> ik

n(e) =|fPP “5—
> len—il?
1=0
N-—1
=|fI |ex—i|” = 2N|f|? (A9)
=0
N1 2
Z Cr—iCh;
n(e) =fP “5—
> =il
=0
6N )2
=IfP (18]3 = 2NfP. (A10)

(4]

(5]

(6]

(71

(8]
9]
(10]

(11]

(12]

Thereforey)(¢) = n(¢), and the receiver chooses randomly be-113]

tween the two sequences.

(14]

An identical conclusion may be reached adopting the en-

coding rule (A4). In fact, considering symbals ; andas_;,
t=0,1,---,N — 1, given in (A5) and (A6) and assuming

arg{cr—n} = arg{cr—n} (A11)
we have

arg{cr—i} = arg{ér—i}, i=0,1--- N-1 (Al2)
and, therefore,

Ch—iCh_; = |Ch—i||Cimils 1=0,1,---,N—-1. (A13)
As a consequence, noting that_;| = |ar—;| and|éy—;| =
|ax—;|, we again have

n(e) = n(€) = 2N| f|*. (A14)

(15]

[16]
(17]

(18]

(19]

(20]

[21]

[22]

(23]

Due to these undistinguishable sequences, the performance
of the receiver in [14] is characterized by an error floor which[24]
is not caused by the presence of fading. In fact, being the
fading constant over the transmitted data burst, it does not
influence the receiver performance in the absence of noise. For

increasing values a¥, the ratio between the undistinguishable
sequences and the number of possible sequences decreases,

thus decreasing the value of the error floor.
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