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Reference-Based Dual Switch and Stay Diversity
Systems Over Correlated Nakagami Fading Channels

Guillem FemeniasMember, IEEE

Abstract—in this paper, we provide new generic and exact the uncorrelated fading exhibited by separate antennas in the
analytical results for the performance of nonideal reference-based space diversity array [5]. However, these combining methods
dual predetection switch and stay diversity systems in receiving require different amounts of knowledge of all the received
M -ary digitally modulated signals in the presence of additive white . Is i f th d a dedicated icati
Gaussian noise and correlated slow and nonselective Nakagamni- S|gn§ sin on_e .orm or another, an ‘f" e .|ca e commgnlca lon
fading channels. Pilot-tone-aided, pilot-symbol-aided, and dif- receiver chain is needed for each diversity branch, which adds
ferential detection (DD) reference-based systems are considered.to the receiver complexity. A simpler though less efficient
The impact of symbol alphabet cardinality, normalized distance combining technique is switched-diversity reception [4]. In
ﬁgg’:’feigyagaeqﬂgs'pgf‘fg'rrr‘]?ansciveé'ftyt'h;:ed S’;cs’;re“rﬁls'zfg a'?]c;f’ypzlga switched-diversity schemes, according to a specified switching
Optimum switching threshold and optimum pilot-to-signal power §trategy, only on_e branch is connected .to the I‘?CEIVEI‘. at .any
ratio as a function of channel fading characteristics, normalized time. Our analysis will be based on the discrete-time switching
distance between antennas, and modulation type are determined. model described in [9]. Following switch and stay combining
Furthermore, some fixed switching strategies—minimum cost (SSC) strategy, switching is produced only at discrete instants of
strategy, fixed average strategy, and midpoint strategy—thatallow  gmes — 7 wheren is an integer and’ is the interval between
one to obtain diversity gain with a reduced complexity receiver switching instants. Assuming a time-division multiple-access
are considered. 9 - : 9 P

o _ ) (TDMA) architecture,T can be assumed to be the TDMA

Index Terms—Correlated Nakagami fading, differential de- e giot duration. The switching is forced to occur during
tection, pilot-symbol-aided systems, pilot-tone-aided systems, y\ 4044 time between time slots (a short time before each
switched diversity. ; oS -

time-slot header used to avoid interference resulting from other
ports because of small synchronization differences) [6]. In this
. INTRODUCTION way, the effects of the switching transients on the information

N the last several decades, considerable attention has b@¢¥Rbols may be reduced or eliminated [6]. To assist with
I devoted to the study of adequate transmission techniquestfif demodulation process and channel state information (CSI)
wireless mobile communication systems. Based on the analy3$€ssment, it is common practice to incorporate a reference
of measurement data, the Nakagami distributiondjstribu- Signal (pilot symbols [8] or pilot tones [7]) alongside the
tion) [1], which was originally developed for fast fading pro.transmitted data symbols._ The use of reference—bqsed systems
cesses in ionospheric and stratospheric propagation, has Klws the random FM noise and envelope fluctuations caused
found to be a fitting generalized model for the mobile radiBY Multipath fading to be accurately tracked and eliminated,
channel [2]. Such a distribution can model different propagatiéRus overcoming the error floor commonly associated with
conditions, providing more flexibility and higher accuracy irflata transmission over fading channels.
matching some experimental data than the commonly adoptedt is the aim of this paper to derive the performance of a
Rayleigh, log-normal, and Rice distributions [2], [3]. Furtherteference-based dual predetection switch and stay diversity
more, the Nakagami model also has the advantage of includ@¥gtem in receiving digitally modulated signals over correlated
the Rayleigh distribution as a special case, and it can mod¥akagami fading channels. Previous work related to this topic
fading conditions that are more or less severe than thoseC8f be found in [9]-[13] and references therein. Most of these
Rayleigh. papers limit their studies to the average error rate performance

Space diversity reception, in which several signals receivefibinary differentially coherent and noncoherent schemes. In
at different antennas are combined, is a well-known meth&t2], Fedele analyzes the performanceldtary differential
that can be used to combat the effects of fading in wireleB§ase-shift keying (MDPSK) schemes. In [13], K al.
systems [4]. Over the years a variety of methods, such povide analytical results for the performance of switch and
maximal ratio combiningMRC), equal gain combiningEGC), Stay combining schemes when used in conjunction with several

or selection combiningSC), have evolved to capitalize onM-ary signals that are candidates for high-rate transmission
over fading channels. However, the general case of nonideal

. . _ reference-based channel state information assessment and
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Fig. 1. Baseband system model.

fast signal fades pertaining to statistical distributions witlntial detection systems in Sections IV, V and VI, respectively.
a certain amount of correlation. In this paper, building ofhis paper is concluded in Section VII with a summary of the
the analytical framework developed in [9]-[13], new generimain results and contributions.

and exact analytical results for the performance of nonideal

reference-based dual predetection switch and stay diversity ||, SysTEM MODEL AND SSC QUTPUT STATISTICS

systems in receivingl/-ary digitally modulated signals over The block diagram of the baseband system model under in-

correlated Nakagami fading channels are provided. LT T - . -
Since the performance of the reference-based switch an tigation is given in Fig. 1. A sequence of binary digits at
rate R, = 1/T, bits per second is modulated by adf-ary

stay diversity system depends on the switching threshold a — 2% digital modulator producing a sequence of symbols

on the pilot-to-signal power ratio, it is possible to evaluate t rateR, = 1/T, = 1/kT}, symbols per second. Following the

values of these parameters that minimize the average sympol X . :
P g€ sy odulation process, a phase reference signal is added to the data

7e

grrtci)r;La::welc,\-/rvir;gﬁinan?r:?:srh%?c?lac: dtr:;]sep:pt?rrnfr;o ﬁi:_etror_nsl?itqearing signal. The composite signal is then pulse shaped and
P : g thre - OP b 9 .%ransmitted. The transmitted signal is faded and corrupted by ad-
power ratio as a function of modulation type, channel fadlgc%tive white Gaussian noise passing through the Nakagami-
a

characteristics, normalized distance between antennas, an v : . . . .
) . : . _fading channels. The received signal in the selected diversity
erage signal-to-noise ratio (SNR). Furthermore, as the optimym

adaptive switching threshold and the optimum piIot—to—signaLanCh is simultaneously passed to a matched filter and to a

. . . channel estimator. Finally, the data bearing signal is demodu-
power ratio could only be achieved by adapting them to the . : : .
. ) lated using the reference signal as CSI. The reference signal is
actual values of channel fading severity, average SNR at the 2
also used to control the switching process.

matched filter and pilot extraction filter outputs, correlation .
P puts, Let Ysse, Ysse, and~yr denote the instantaneous SNR of the

;Z(tavf;f;c;nrtn at:;t]vg/s?;te ?gltﬁggf;},d%?'%t g)?trrraecl:tiitol?]r}iltg?iﬁlt%ﬁggc pilot extraction filter output, the instantaneous SNR of the
C matched filter output, and the predetermined switching

the_n, n practical cond|t|oqs, It can be approprlatg to use f|x? reshold, respectively, and ket denote a discrete-type random
switching threshold and pilot-to-signal power ratio, which are_ :
; \(/]arlable such as
independent of the actual values of system parameters. In order

to set a fixed threshold and a fixed pilot-to-signal power ratio, 1, ifatt = nT Rx connected to antenna 1
based on the framework developed by Fedele in [12], fixed %» = 2, ifatt = nT Rx connected to antenna 2. 1)
switching strategies—minimum cost strategy (MCS), fixed _ .

average strategy (FAS), and midpoint strategy (MPS)—thithis case, following the mode of operation of SSC
allow one to obtain diversity gain with a reduced complexity
receiver are also considered.

The remainder of this paper is organized as follows. In

an—1 =1 andyy, >yr
1, iff or
tpn—1 =2 andyy, <71

Section IlI, the system model under consideration is briefly ay = )
described and SSC output statistics, such as the cumulative dis- [an1=2 andyz,n > yr
tribution function (cdf), the probability density function (pdf), 2, iff or

and the moment generating function (MGF), are derived. The an—1 =1 andy, <7r
general performance analysis in the case of reference-based _ {%m ifa, =1 3)
reception ofM-ary PSK signals by a dual switched-diversity = 2, ifa, =2

combining system is provided in Section Ill. Adaptive and AVirms if an =1

fixed switching threshold as well as pilot-to-signal power ratio Vs, = {sz:n if a, =2 (4)

optimization is also discussed in this section. The general re-
sults obtained in Section Ill are then applied to pilot-tone-aidedherey; ,, and-; ,, denote the instantaneous SNRs of the SSC
systems (PTA), pilot-symbol-aided systems (PSA), and diffegpilot extraction filter output and the SSC matched filter output,
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respectively, if at = nT'~ the receiver is connected to tht Differentiating P,__. () as given by (9) with respect tg,
antenna. Thus, the cdf ef... can be written as we get the pdf ofyss., as
Py (M2 Pr{Yee, <7}
= Pr{vssc. <vlan, =1}Pr{a, =1}
+ Pr{¥ssc, < vlan = 2}Pr{a, = 2}
=Pr{vir» <~vyanda, =1} yr
+ Pr{ve,. < vanda, = 2}. 5) +/P717ﬂ,27 (,v)dx
Using (2) in (5), we have 0

YT
Py () =pi(rr) | P () - / Py oy (2,7)de
0

YT
PVZCT ) +p2(7r) | Pror () = / Py o, (@,7)d
=Pr{a,_1 = landy,, > vr andyir, <7} )
+ Pr{a,—1 = 2andysy,, < vyr andyi,, <~} T
+ Pr{a,—1 = 2andyy,, > vr andyz, , < v} +/ P, . (z,7)dz (10)
+ Pr{a,—1 = andy; , < yr andys,, <~v}. (6) 0

Assuming that the interval between switching instants is Iar%e cquivalentl

enough in order that we can consider independency between fieS y

events at = nT andt = (n — 1)T and using the fact that the -

eventsu,, = 1 anda,, = 2 are mutually exclusive, then we can /
YT

rewrite (6) as Prese, (V) =01(07) |Pre, (V) + [ Pyi o, (@, 7)de

P’Ysscﬂ. (’7) =N (fYT) [Pr{’yl,n >3r andWlT,n S'Y}

+PT{’Vl,n <7r and'YZ‘r-,n SV}] _ /p (a: ’Y)dx
Y1sV2r )
+ p2(v7) [Pr{v2,n > vyr @andyzrn <7} S

+P’r{’)/2,n < YT and’yl‘r,n S V}]

=1 () [Pr{(1 £7) +02007) [pos, () + [ Do (@)
- Pr{’}/l,n <r and’yl‘r,n < ’Y} ')./T

+PT{71,n <7T and’YZT,n S 7}] s
+ payr) [Pr{r2nn <7} ~ [ o] @)
- PT'{’YZ,n <~r andng,n < ’y} YT

< . .
+Pri{ven <yrandyiza <ol (7) In the case of correlated Nakagamifading envelopes, the

with [13, (59)—(61)] joint pdf pr, r, (Ri, R;) of Rié\/% andR]é\/y—j is given by

pr(vr)2 Prian_1 = 1} = P (71: ;J(FVIT% — [1, (126)]
- i (m7 %W) 4mm+1R§”R’j"e%
i -t ) ;F<<m§ ) et (7.7 =0T (1= i)
p2(7T)é Pri{a,—1 =2} = P (WT;1+7; xe o ( Zm@RiRj ) |
(¥:7;)2 (1 = pij)

_ I'(m)-T (m, %'yT)

2I'(m) =T (m, %VT) - (m, %VT)
whereP, () represents the cdf of, m is the Nakagami fading wherep; ; is the correla.tl.on coefficient be.twee,m and~;, a}nd
parameter [1]1(-) is the gamma function, arid-, -) is the com- I,,(+) denotes th_e _modlfled Bessel function qf orderusing
plementary incomplete gamma function. Substituting (8) in (7AL>: P- 1431, the joint pdf ofy; and~; can be written as

the cdf of v, can be expressed solely in terms of the joint
and marginal cdfs of the random variabtes., 72, v1-,», and

(8) Ri >0, R; >0 (12)

(m—1) (m-1) —mi¥;+7;7:)
mm'"l’y- Ty 7 e Fiv;(1—=pi5)
z J

Yarn @S Priy; (Vis V5) = e )
= - Vi, L(m)p; ;7 (L= pi;)
Py () =p1(v0) [Py, (v) = Py . (v7,7) (¥:7,) 2
+Py, e, (77, 7)) o T 2m./pi i ViV;
m—1 — _ 1 )
+ p2(7T> [P’Yw (’7) - P’YQ‘,’YZT (’7T7 ’Y) (’71"73’) 2 (1 - pi,j)

+P’Yz,717—(7T77)] . (9) Vi Z 07 i Z 0. (13)
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Thus, using [16, (7)], the integral terms of (11) can be expressaad, thus

as a function of thenth order Marcum?)-function as

oo

A
wij ()2 / Doy ()

2mp;
X Qm TPegY
(L= pi)7;
2mpi ;7
=p j(’Y)Qm —
! ( (1= pi)7;

2myr
(1= pi )7

and substituting (14) into (11),,.._(v) can be rewritten as

Prvese, (V) = P1(77) [Pra. (V) + w117 (7) — w12, ()]
+p2(v7) [Py, (1) + w220 (1) — w2,1-(7)] -

The MGF 0f~., , defined by

A sr
M. ()2 / .. (x)de

can be expressed as

M. (8) =p1(77) Mo, (8) + Q117(5) — Q1,2,(5)]
+ p2(77) My, (8) + Q2,27 (5)
— Q2 17(s)]

where

A s
Q, (s)= /e Tw; i (y)dy.
0

Substituting (14) into (18) and using [16, (119); ;(s) can be

expressed as

Vi 1— S(I_Pnj)"_/]‘

Now, using [17, (8.352.2)] in (19), we have

Q5 (s)= ﬁ <1_ %s) T (m

S(l—f)z‘l,')ﬁ-
11— 20=r ),

71» 1— vs(l_/:;ﬂ)ﬁj

o ()

1_ hr
xI'[m, TrZYT mo
11— s(1=p1,17)7;,
+ pZ(’YT) 1— Ms
I'(m) m
1 — or
xI' [ m, WZYT o
Yo 1 — 8(1_p2,27')727'
) (| T,
['(m) m
1 _ or
xIT'[m, TrZYT m
01— 5(1=p1,27)7a,
. pZ(’YT) 1— ks
I'(m) m
1— $r
x T m, 2T m___ ). (21)
’ Yo 1 — S(I—Pz,h—)’hr

I1l. A NALYSIS OF SYSTEM PERFORMANCE

In order to have an accurate channel estimation at the receiver,
a pilot signal can be sent along with the data bearing signal. The
pilot signal can be atone or multiple tones (PTA) [7], or it can be
a sequence of symbols inserted periodically into the data bearing
signal (PSA) [8]. The baseband equivalent of the transmitted
signal can be expressed as the addition of the baseband data
signal and pilot signal, that is

(1) = alt) + (1) 22)
with
S wlt—iT), PTA

ra(t) = (23)

K-1
DI TYK—-1)+i—1

l=—o00 i=1

xq(t— (IK +i)T,), PSA

l=—0c0

B, PTA
l‘p(t):{ S Befq(t—IKT,), PSA  (24)

wherez; = Ae/? denotes théth M-ary phase-shift keying
(MPSK) transmitted symbolls and7,, = Ts(K — 1)/K
represent the signalling periods for PTA and PSA systems,
respectively,B is the amplitude of the pilot tone signaBe’
represents the redundant pilot reference symbol inserted every
(K —1) MPSK information symbols within the transmitted data
signal sequence, andt) is the complex impulse response of a
pulse shaping filter. We normalize the energy of the pyls¢

such that/~"_|q(t)?dt = 1.
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Assuming a dual-branch diversity system, the baseba 1 = . .
equivalent of the received signal can be expressed as ig‘ 11 b “\ Egég I
2 s La— o QP .
2 s S~ "~ BPSK ———| ]
H(£) = Xose, ()a(t) + (1) @) E o N RN N |
o ~ \\\
wherep(t), which represents the additive thermal noise at trij 1073 | e o
receiver front end, is a zero-mean complex Gaussian nog | AN
process with single-sided power spectral densigyand c{n:’ 0 Soo
£ sk > e
x1-(t), if Rx connected to antenna 1 4 - S g0
Xsse, (t) = (26) <= 6 L b I
x2-(t), if Rx connected to antenna 2 10 -

with xr-(t) denoting the multiplicative Nakagami- fading
characteristic of théth diversity channel. Under the assumpg
tion of nonindependence between diversity branches, t;
correlation function between the complex channel weights =
the antennas can be modeled with the following Bessel mot

[4]:

E{x1-()xa, (1)} = Jo(2mda) (27)

where.Jy(-) is the Bessel function of order zero adgl is the
normalized distance between antennas.

As shown in Fig. 1, the received data signal is passed tc
matched filter with an impulse response equaljt¢—t) and
the phase reference is extracted by suitable filtering/interpo

Optimum Switching Threshold,

tion means. The received data signal and phase reference ¢g 019 g g
matched filtering/interpolation can be written as ‘g 0.18 L |
g 0.17 \\ . QPSK ---eee- J—
o N —_———
w(t) = Xase, (H)7a(t) * ¢*(=1) + n(t) (28) £ 016 KRN i
(15[ J) SRS o RS SO PSRN PSS S Jerersersenssssensirnensesansnsen —
P(t) = Xsse(B)p(t) * hy(t) + v(t) 29 & LN e
Q : \ I e e e e
respectively, where.(t) andv(t) are uncorrelated zero mean3 giz B At EtItts SRS S
complex Gaussian noise processes/(d) represents the im- o N 5
pulse response of the pilot extraction/interpolation filter. B 0 ) \\\;\\ .
Assuming a perfect clock recovery and thdt) = q(t) + & - ; F R

2 . L . ) .09
q*(—t) satisfies Nyquist's criterion for zero intersymbol inter- 0 5 10 15 20 25 30 35 40
ference, the complex samples at the MPSK detector input at til Ey/No dB

t = iTs will be given by ] ) ) o )
Fig. 2. Optimum performance, optimum switching threshold and optimum
_ 30 pilot-to-signal power ratio versug, /N, on each branch for a Nakagami-
Wi = Xsse,,iTi T M (30) fading withm =1 andf,T, = 0.01, a normalized distance between antennas
= Xssc.i B + i (31) d, = 0.3, and for different values of alphabet cardinality.

A maximum a-posteriori probability receiver employing cowith

hgrent deteption of equiprobable, equal energy MPSK signals o) = — awap Sm2(M)

will determine the phase angl¢ between the two vectors e sin? o+ "2z Sm2 (o+2)
w; andp; and decide in favor of the symbal, whose phase

is closest toy. By conditioning on the fading, the randomynere it has been assumed that

variablesw; andyp; are two vectors perturbed by uncorrelated
. . . ; A2 | |2
Gaussian noise. In this case, as shown by Pawtilal. in o = 2 WXsseril b Yese (33)
[18] and [19], the conditional symbol error probability can be 2N 7
written as B?|Xssc,il”
Pp = — = P,a Yssc, (34)
(M—1)x ! 2NP P

P, ( ) = l i ox pwpp sin ( [) do where N,, denotes the variance of that depends on the type
sser) =00 P puw sin® o+ p, sin® (p+ ) of filter/interpolator used for the pilot reference recovePy,
0 represents the transmitted signal pow@y,denotes the trans-
1 mitted pilot power,réPp/Pw is defined as the pilot-to-signal
=— / exp[ Y (©)Ysse. |dep (32) power ratio, andy,, and«, represent variables that depend on
4 the type of reference-based system.

Nl y

(M—1)=
M
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the change of variables = cos(M¢/(M — 1)) enables us to

e,
:% o1 | LQ"’Q?;&_ use the Gauss—Chebyshev quadrature rules [20, 25.4.38], which
3 - SIS 1 have the advantage that their abscissas and weights admit a
DE 10-2 SRR R Rt CR . closed-form expression. In this way, after some algebraic ma-
£ I R e nipulations, we obtain
SREUR O
£ : N M-1 | M-1 d
E 10t b1 =03 S P= /M [T( —_ arccosa:)} —_—
@« = -_—— - N ssCr
| @&zeinnas TooaM )T VI—a?
g 107° | 4, =005 ——— -t
2 L dafom —»i ————— M1
10 =
0 5 10 15 20 25 30 35 40 nM
E,[No dB =1
(M -1)2l-1)r
26 M T R, 37
g‘i 24 S e [ ( 2nM " 37)
& R TR . L .
g 22 i T S wheren is a small positive integer, and the remainder term can
i<} Lt -
£ 2 T e T be expressed as [20, 25.4.38]
= 18 “l = e
& 2N L (M —-1)
w16 S e T R = —— " Aq(@n) 38
£ ou s S s S "= MG © 9
m: 12 e e ©205 ] forsome-1 < ¢ < 1. NotationM$") (s) is used to denote
g 12 e S0t = 2| ] the 2uth derivative ofM.,__ (s).
g & dg =i0.01 —oo
° % 5 10 15 20 25 30 35 40 A. Optimum Adaptive Strategy (OAS)
Ex/No dB As is shown in (35)—(37), the average SER depends not only
g 018 gy ! . on the modulation alphabet cardinality, the channel fading
& 0175 \\\\ & 58'3 — | severity, the correlation coefficient between diversity antennas,
§ 0.17 \* Ao =01 oo | and the correlation coefficient between matched filter and
& 0165 \““ =00 7|4 pilot extraction filter outputs but also on the values of the
g \‘ switching thresholdy; and the pilot-to-signal power ratio.
g p gnal p
016 R ] ) )
‘g 0.155 \ AN As the average SER is a continuous functionpfandr, there
2 o1 \ \ exist optimal values ofir andr for which the average SER is
h; o 1'45 s minimal. These optimal valueg?*5 andr°*S are a solution
g D R e S B of the system
£ o014 L T e e TR ]
S 0135 P, OP,
0 5 0 15 20 2 30 35 40 3 =0, 3 =0.
E,/No dB VT |yp=yQAS, r=r0as T g =n@AS, r=r0As (39)

Fig. 3. Optimum performance, optimum switching threshold, and optimu
pilot-to-signal power ratio versus, /N, on each branch for an 8PSK
modulation scheme, a Nakagami-fading withm = 1 and f,7. = 0.01,

and for different values of the normalized distance between antehnas

In general, to find the optimum values of the switching
fhreshold and the pilot-to-signal power ratio, (39) must be
solved numerically. Nevertheless, in some particular cases
that will be solved latter in this paper, it is possible to obtain
closed-form expressions fg#*S and/orr©4S in terms of M,

The average symbol error rate (SER) for the problem at m, F/No, p1,1+, p2,27, p1,27, @Ndp2 1~
hand can be written as

Py

oo

— 00

| / PV, ()i

(35

B. Optimum Fixed Strategies

As is shown in Section llI-A, given the MPSK alphabet car-
dinality, the optimum adaptive switching threshold and the op-
timum pilot-to-signal power ratio could only be achieved by

By substituting (32) in (35) and then interchanging the order @flaptingyr andr to the actual values of channel fading severity,

integration, and recognizing that the integral with respestito  average SNR at the matched filter and pilot extraction filter out-
equal to the MGF ofy.,.. evaluated at = Y(¢), (35) reduces puts, correlation coefficient between antennas, and correlation
to coefficient between matched filter output and pilot extraction
filter output. However, in most applications, particularly in wire-
less communication systems, this could be a very difficult task.
Then, in practical conditions, it can be appropriate to use fixed
switching threshold and pilot-to-signal power ratio, which are
independent of the actual values of system parameters. In order
This expression can be easily evaluated to any degree of ticset a fixed threshold and a fixed pilot-to-signal power ratio,
curacy by several numerical integration methods. In particuldtrjs possible to use different criteria that give rise to different

(M-~

1 M
Po=r [ Mo (T,
0

(36)
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; b) Fixed Aveage Strategy (RS): The fixed thresholeyfAS

£ . [T — m=0s | | and the fixed pilot-to-signal power rati§*S are obtained
é N ST N 20 as the average values 9945 andr©4S over theE, /N
£ e | b N ] interval[(Es/No);, (Es/No),], them interval (ny, ms),
2 i N RN T~ | and thef,T; interval (f41Ts, fa,2Ts). Thatis
B 1073 o o 4
é 104 I N . h > (}1;_;)2 mo fa,2Ts
5} [ S~ A 1
& \ ] 2l [ [ ase.0dcass
5} r \\ N . . .
< oo & \ : (£2) ™ faaTs
0 5 0 15 2 25 30 35 40 (£2)
E,/No dB . No ) o mo Ja,2Ts
A
I msa o [ [ [ a0, gacaods @
° m=05
- ——— - B\ ™ T

§ spomIifiiin SR (%), ™
= m=40 ——— P i B ) o
% 95 A IS S - where we have assumed uniform distributions of these
& //’j‘.’.--“_';'__ - // parameters over the corresponding optimization inter-
,_:sf 20 P S vals, and thusA = [(E,/No), — (Es/No),] - (m2 —
I P — Wl)'(fdaTs — faaTs). _ .
@ P ¢) Midpoint Strategy (MPS)The system is operated with the
E 10 /‘,;‘” fixed parameters
s ] 0 5 10 15 20 25 30 35 40 7¥[PS - W%As(ﬁ s Vs Gmp)

E,/No dB TMPS = TOAS(ﬂmpa 19m;m Cmp) (42)
g 018 T — wheres,,, = [(Es/No); + (Es/No)yl/2, Omp = (M1 +
Q:E 001.;: Tnnz,;(l]g -t : mz)/Z’ andep = (.fd,lTs + fd,ZTs)/Z-
[ . m=20 ++rrorn-
E) 0.17 F\ m=40 ——— |... |
5 0165 -\ IV. PILOT-TONE-AIDED MPSK SYSTEM
& & : : o . .
ot ooiég A In this case, the channel estimator is simply a pilot extraction
5 015 i, filter with a frequency response
& 0145 e B B
£ o D s Toer S H,(f) = {(1] 5 =f=F (43)
£ 0135 b ST % U S S SESU— , otherwise.
2
° o 0 5 10 15 20 2 30 35 40 Itis assumed that the power spectrum of the data bearing signal

E,[No dB has a spectral null that allows for the insertion and the extraction
Fig. 4. Optimum performance, optimum switching threshold, and optimu%]c the pilot. T,he bandwidth of the f||te_r must be Wld_e e,nOUQh to
pilot-to-signal power ratio versusZ./N, on each branch for an 8PSK allow the fading to pass through undistorted, that is, it must be
modulatio_n schgme, a normalized distance_ between antépnas0.3,and a at |east twice the maximum Doppler Shﬁi. In the following
Nakagamlm fadmg Wlthdes = 0.01 and different values ofn. analySiS, |t W|” be assumed that a f|lter Wlth bandW|dﬂIj _
_ ~ 2fqis used. Thus, the data bearing signal and the pilot signal at
strategies. Based on the framework developed by Fedele in [$#23 output of the matched filter and pilot extraction filter can be

three different strategies are presented. expressed as
a) Minimum Cost Strategy (MCS)The fixed switching
threshold and the fixed pilot-to-signal power ratio are W(t) = Xase, (1) Y wih(t = iT,) + n(t) (44)
evaluated as the values'“S andrS that, given an al- i
phabet cardinalit/ and a normalized distance between p(t) = Xsse. (1) B +v(1) (45)

antennasi,, minimize, for example, the cost function : _ .
defined as the logarithm of the root mean square err[)erspectwely, wheré({) = q(t) « ¢* () represents the overall

between the average SERR (yr,r, Es/No,m, fuT5) mpu_lse response of the system for a perfect nonselective trans-
OAS _OAS X mission medium anch(¢) and v(t) are zero-mean complex
and P, (yp>,r%* E /N, m, faTs). Thatis . . o
Gaussian noise processes. Note (@} is independent of(¢)

(%) » o faoTs due to the fact that they are output noise processes of two filters
A whose frequency responses do not overlap. Assuming a perfect
Clyr,r)= ' clock recovery, the complex samples at the MPSK detector
(k_o)l m1 fq 1T, input at timet = 4T, will be given by
% log P.(yr,r,3,9,¢) dcdidp. (40) Wi = Xssc,,i%i + Ni (46)
Ps (’Y%AS, TOAS7 /H? 197 C) Di = Xssc,.,iB + v; (47)
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Fig. 5. Optimum performance, optimum switching threshold, and optimum
pilot-to-signal power ratio versus,/N, on each branch for an 8PSK
modulation scheme, a normalized distance between antepnas0.3, and a

Nakagamim fading withm = 1 and different values of ;T

and, thus
A2 |X<§(‘ i|2 1
w = = Yssc w = 5 48
p N, Ysse, = Qw = B (48)
B2 |Xq<(‘ i|2 Bz B2
= — = ssc, = Qp = ———. (49
P =3NB,  A2B, " T %= g p, 49
Using (37), the average SER can then be written as
M-1 & —sin® ()
P~ X M, ‘ H
nM ; e A;]fp sinz(m) + sin? (m + %)
(50)

wherer; = (M — 1)(2l — 1) /2nM.

909

Under Nakagamin slow fading conditionsy;, andyy. (k =
1, 2) can be expressed as

B?|xi|?
— 2 AkL 51
Vi 2NoB, (51)
A?|xi)?
I i 52
Vi 5N, (52)
B
T = 9NoB, ~ (1+7)B,T,
A2 L=
= = _ No_ 53
Ver 2N0 147 ( )
a  E{my-} 2
= pg 12 — J2(2rd,) (54
Prar =Py E{Wi}E{3,} o(2nda) - (54)
A E{’Ykrykr} (55)

Plkr = =1
2VE{Y E{, )

with E, = (A? + B?T,)/2 andr = B?T,/A? being the equiv-
alent energy per MPSK symbol and the pilot-to-signal power
ratio, respectively. Using (53)—(55) in (21) and (50), the expres-
sion of P, reduces after some simplifications to

M-1< :
Py~ 1 0
nM (

OélJE\J, -
_1_7
— m(1+7)

r (m ~r BpTs [m(l-l—r)-l—al f,—g])

Es
TN,

I(m)

r (m T(Tipfl(ﬁf)[;(f?ﬁ jfi—o] )
r|m r)toa[l-J5(27d, N_Z N_(S)
— 56
T(m) (56)

where
N sin” (§7)

a= . 57
: BT sin® (k) +sin” (ki + 75) &7

A. Optimum Adaptive Performance

Figs. 2-5 show the minimum average SER, the optimum
switching threshold, and the optimum pilot-to-signal power
ratio versus theF’; /Ny on each branch. As shown in Fig. 2,
when the cardinality of the MPSK symbol alphabet in-
creases, the decision regions for phase detection, defined by
[(2e—1)m /M, (2i+ 1) /M],i=0,1,2,...,(M —1), become
smaller, thus increasing the average SER. Furthermore, for
a fixed value of Nakagamis fading parametern, normal-
ized maximum Doppler shifff;7,, and normalized distance
between antennag,, both the optimum switching threshold
and the optimum pilot-to-signal power ratio are an increasing
function of the MPSK alphabet cardinality/. For fixed M,

m, and f;T,, the optimum switching threshold increases with
E, /Ny and the optimum pilot-to-signal power ratio decreases

Similarly, as shown in Fig. 3, given a modulation scheme

(in this case 8PSK) and for fixed value of Nakagamifading
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1g . through undistorted and, thus, the reference signal at the output

: ] of the filter is noisier. Furthermore, as shown in Fig. 4, given a

-1 F ] modulation scheme (in this case 8PSK) and for fixed value of
£ | normalized distance between antendasnd normalized max-

i B e 1 imum Doppler shiftf;Ts, the optimum switching threshold is

1072 s i 7 DI 1 an increasing function of the fading parameterand the op-
- — timum pilot-to-signal power ratio is a decreasing functiomof

5 - Also, as shown in Fig. 5, given a modulation scheme (in this

8----11 case 8PSK) and for fixed value of normalized distance between

| M=2 ———| antennag,, and Nakagamin fading parameter:, the optimum

0 5 10 15 20 25 30 35 40  switching threshold is a decreasing function of the normalized

Switching Threshold, yr dB Doppler shiftf;T, and the optimum pilot-to-signal power ratio

1 . . . is an increasing function of;7%.

] It is also interesting to consider the sensitivity of the average

3 o ] SER to the value of the switching threshold and the value of

— AT . the pilot-to-signal power ratio. To this end, for a fixed average

B S onh E E,/Ny = 20 dB on each branch, Figs. 6 and 7 show the

Ao 1 optimum (with respect to’) average SER versus switching

E T B L ] threshold and the optimum (with respect+p) average SER

Em=2. R — E versus pilot-to-signal power ratio, respectively, for different

' IRDS dee ] values of alphabet cardinality/, normalized distance between

1072 g o TM =1

Average Symbol Error Probability

10~

10-1 F

"
by
1
]
\
\
\

7
|
\

1072

R | antennasi,, and Nakagami fading parameters and f;7.

10‘30 5 10 15 2 25 30 35 40 The more the fading parameter increases, the less sensitive
Switching Threshold, yr dB is the average SER to switching threshold and pilot-to-signal
power ratio variations around the optimum values, indepen-

Average Symbol Error Probability
J/
\
\

1 . .

£ : 'ﬁ, fgl.gg — _' -1 7  dently of the normalized distance between antennas and/or the
s i FiTe = 001 oo ] normalized Doppler frequency of the fading. Moreover, in less
& 10-1 e B TS S A severe fading conditions, the sensitivity4g andr increases,
E %N\\—(' ..... - especially in slow fading conditions.
= Fm=1." 7T T 1
é ‘~\~_—__/_,—/ h B. Optimum Nonadaptive Performance

1072 EREamsmmmm D s S : i
‘{;D Fm=2. N RO E Table | shows the values of the fixed thresholds and fixed
g ] pilot-to-signal power ratios obtained by the application of the
> el Lt 4 . .
< 1o A proposed strategies (MCS, FAS, and MPS) for different values

0 5 10 15 20 25 30 35 40  of alphabet cardinality/ and normalized distance between an-
Switching Threshold, yr dB tennasi,. In order to determine the values¢f“S andr<S,

the cost functiorC'(yr, ) has been numerically minimized. In

Fig. 6. Optimum (with respect to’) average symbol error rate versus ; ; ; ;
switching threshold at a fixeds /Ny, = 20 dB on each branch for different fact, the t”ple mtegral In (40) has been CompUted numenca”y

values of alphabet cardinality/, normalized distance between antendas OVET the intervalgmi, ms] = [0.5,2.0], [fa1 75, fa2T5] =
and Nakagami fading parametersand . T... Where not specified)/ = 8,  [0.01,0.06], with [(E,/Ny),, (Es/Ny),] being equal to [10 dB,
do = 0.3,m =1, andf,T. = 0.01. 30 dB] for binary phase-shift keying (BPSK), [15 dB, 35 dB]

for quaternary phase-shift keying (QPSK), [20 dB, 40 dB] for

parameterm and normalized maximum Doppler shify7,, 8PSK, and [25 dB, 45 dB] for 16PSK. The values,é#> and
the optimum switching threshold is an increasing function ef*5 have also been obtained through numerical computation of
the normalized distance between antenflaand the optimum the triple integrals in (41) over the same intervals. Finally, the
pilot-to-signal power ratio is a decreasing functionipf Asd,  values ofy}'FS andr¥S have been obtained using (42) with
tends to zero (totally correlated antennas), the optimum averagg, = 1.25, ¢, = 0.035, andg,,, being equal to 20 dB for
SER tends to equal that of a single branch receiver. ThiBPSK, 25 dB for QPSK, 30 dB for 8PSK, and 40 dB for 16PSK.
the results show that, in the range of SER values of practiCéie results show that for a fixed value of the normalized dis-
interest, a diversity gain of several dBs can be obtained ftance between antenndsg, the fixed switching threshold and
normalized distances between antennas greaterlthan0.05. the fixed pilot-to-signal power ratio are increasing functions of

The effect of Nakagamirn fading conditions on the min- the MPSK alphabet cardinality/, independent of the adopted
imum average SER, the optimum switching threshold, and tbptimum fixed strategy. Furthermore, for a fixed value)df
optimum pilot-to-signal power ratio is analyzed in Figs. 4 anthe fixed switching threshold increases withand the optimum
5. In particular, as expected, the performance improves aspilot-to-signal power ratio is almost constant.
increases, since the fading becomes less severe, and deterivith reference to the fixed switching threshotd$®S, v%:
rates asf,1s increases, since the bandwidth of the pilot tonand 3PS and the fixed pilot-to-signal power ratlcvéwcs
extraction filter must be wide enough to allow the fading to pas$“5, and »MPS of Table I, Fig. 8 shows the average SER

AS
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Le 3 TABLE |
£ E 3 FIXED SWITCHING THRESHOLDS ANDSIGNAL -TO-PILOT POWER RATIOS FOR
3 L 3 BPSK, QPSK, 8PSKaND 16PSK WTH my = 0.5, my = 2.0, fg 1T, =
S 107! 5\ R ST E 0.01,AND f42Ts = 0.06. THE INTERVAL [(E,/No),, (Es/No),] Is:
o E 3 [10 dB, 30 dB]FOR BPSK, [15 dB, 35 dBFoR QPSK, [20 dB, 40 dB]
8 "\ S T A FOR8PSK,AND [25 dB, 45 dB]FOR 16PSK
Hogg-2 L0 s R -

3 E E
:é’ """""""""""""""""""""""""""" : M| da MCIS\‘/ICSMCS FAf a FAS MPg/I PSMPS
o 10-3 IORAERY SRR it —— 7 =T6 = YT r Y1 r YT T
B A\ S TN U N Dovootely vl o 01| 93 |0132| 86 |0.18 | 89 | 0.190
PP M i i — =2 2 02| 107 | 0128 | 9.9 |0.18 | 102 | 0.182
0 01 02 03 04 05 06 07 08 09 1 N
Pilot to Signal Power Ratio, 03| 11.1 | 0.126 | 104 | 0.184 | 10.6 | 0.179
) 0.1 135 | 0.135 | 13.7 | 0.233 | 14.1 | 0.238
107! [ —
B 4 102] 149 | 0.134 | 151 | 0.232 | 154 | 0.237
'-_;; A 03] 153 | 0.134 | 155 | 0.232 | 15.8 | 0.236
£ &\ | 0.1 194 | 0.143 | 194 | 0.250 | 19.8 | 0.257
8 |-
@ 1oz _t s et DIV MR - — | 8 8; 20.4 0.1;13 2(1); 0.;50 31.1 0.;57
S E -] . . . . . . .
3 1\ I I T W S 0.8 | 0.143 0.250 | 21.6 | 0.257
& B IS b AU FOPSELE - 0.1 249 | 0.150 | 25.0 | 0.254 | 25.5 | 0.263
§° ' x‘"'“f:f """""""""""" a=01 - 16 | 0.2 | 26.2 | 0.150 | 26.4 | 0.254 [ 26.9 | 0.263
2 R i d= ?'3 e 03| 26.7 | 0.150 | 26.9 | 0.254 | 27.4 | 0.263
Y70 01 02 03 04 05 06 07 08 09 1
Pilot to Signal Power Ratio, r
. 1 ¢ T
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Pilot to Signal Power Ratio, r
Fig. 8. Average symbol error rate versis/N, per symbol on each branch
Fig. 7. Optimum (with respect ta) average symbol error rate versusfor different values of alphabet cardinalify’ and ford, = 0.3, =1, and
pilot-to-signal power ratio at a fixe®./N, = 20 dB on each branch for fsT. = 0.03. Fixed switching thresholds and pilot-to-signal power ratios
different values of alphabet cardinalityZ, normalized distance between (Table I) are used. The optimum performance (OAS) of the system is also
antennasd,, and Nakagami fading parameters and f,T.. Where not presented.
specified, M = 8,d, = 0.3, m = 1,andf,T, = 0.01.

,_.
1S
A

versusF; /N, on each branch for different values of alphabe
cardinality and form = 1., f47s = 0.03, and d, = 0.3.
For comparison purposes, the optimum performance (OA
of the system is also presented. As can be seen, the S
performances of FAS and MPS are very close to each oth
They differ with respect to the SER performance of MCS i
that the former provides accurate results for high values
SER and the latter provides accurate results for low valu
of SER. Similarly, given a modulation scheme (in this cas < 10-5
8PSK) and for fixed value of Nakagami- fading severity 30

m = 1 and normalized maximum Doppler shifT, = 0.03, Ex/No 4B

Fig. 9 shows the average SER VEI’SELS/NO on each branch Fig. 9. Average symbol error rate versiis/ N, per symbol on each branch
for different values ofd,,. for an 8PSK modulation scheme, a Nakagamiading channel withn = 1

The effect of Nakagamrin fading conditions on the averageand faTs = 0.03, and for different values of normalized distance between
antennasd,. Fixed switching thresholds and pilot-to-signal power ratios

SER is analyzed in Fig. 10, where the average SER Versigie 1y are used. The optimum performance (OAS) of the system is also
E;/Ny on each branch foM = 8,d, = 0.3, m = 0.5,1,2, presented.

1072 B

1078

104 b

verage Symbol Error Probability
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o L ! ; 7 symbols are filtered by a matched filter and then are fed to

2 ves ———-| 1 an interpolator. As for the PTA system, we will assume that

3 pAS . the interpolator takes the form of an equivalent bandpass filter

& e with a bandwidthB, = 2f;. Thus, assuming a perfect clock

é N e e I Sty ] recovery, the complex samples at the MPSK detector input at

3 10 X met SRLL(§ time t =T, will be given by

% 1074 "'\.,_mz 2. \\ ) f Wi =Xssc, ,iTi + N (58)

bé) 10-5 : ‘\'\'\‘-. . \ o ] i = XsscT,iA + v; (59)

g r N A

< N N Sy wheren; andv; are samples of uncorrelated zero-mean complex
107 20 25 30 35 40 45 Gaussian noise processes with varian€gsind Ny B, respec-

E,/No dB tively, and it has been assumed, without loss of generality, that

A = B andf = 0 for an MPSK system. Thus

Fig. 10. Average symbol error rate verstds/ N, per symbol on each branch 9 2
for an 8PSK modulation scheme, a normalized distance between antkenaas _ A |Xssc7 ,i| _ = q. = i (60)
0.3, a normalized Doppler frequendgy T, = 0.03, and for different values of Pw = 2N, = Tsser v p
. . e . E 0 w
the fading parameter:. Fixed switching thresholds and pilot-to-signal power 9 2 9 2
ratios (Table I) are used. The optimum performance (OAS) of the system is also oy = A |Xssc7 ,i| _ A |Xssc,- L|
presented. P T 2NoB,KT,, ~ 2No(K —1)B,T,
,YSSC 1
1 r 3 = = (61
::f’ I I\(/)Iég : 1 (K —1)B,T; P (K —1)B,T;P, (61)
g 07F FAS +ooooe 1  The average SER; can then be written as
S y S —— MPS ——— | "
1072 PR s 4 M-1
R U N S | P
g 07 R DI s S e
é 4 [ \\:‘\‘\'\ ~ ~\::'.:QI\Q"“'~&:». \ - Sin2 (%)
o0 N T e M., . : (62)
?0 I AN e Teser (K-1)B,T, sin?(k;) 4 sin? (m—l— %)
£ 1075 F R g . . -,
;; 3 TN 1 Under Nakagamix slow fading conditionsy;, andy (k =
10-5 L K NN 1 1,2) can be written as
15 20 25 30 35 40 45 A2 |X |2
E,/No, dB _ k 63
TETON(K — 1)B,T, (63)
Fig. 11. Average symbol error rate verstis/ N, per symbol on each branch A2| |2
for an 8PSK modulation scheme, a normalized distance between antenaas Vhr = AT Xk (64)
0.3, a normalized Doppler frequengyTs = 0.01, and for different values of 2Ny
the fading parameten. Fixed switching thresholds and pilot-to-signal power 2 o
ratios (Table ) are used. The optimum performance (OAS) of the system is also = _ A _ No
presented. Tk T ONo(K — 1)B,Ts _ (1+7)B,T,
E
_ _ A? N
and fy1s = 0.03 is shown. As can be seen from the graph, Ter =58 = 1 n (65)
the average SER performance loss due to the adoption of fixed 0 g{ )
thresholds is negligible forn = 0.5 and is an increasing P12r = poir2 72”27 — = J5(2rd,) (66)
function of the Nakagamir fading parameter. In order to ana- 2y E{T} E{y,}
lyze the effect of changing the normalized Doppler frequency, p A E{vivir} -1 67)
. kkT— —
Fig. 11 shows the average SER verdug N, on each branch 2V/E{R}E {2}

forM = 8,d, = 03, m = 0.5,1,2, and f;T, = 0.01. . . 9 . .
The optimization of the fjxed switching thresholds and ﬁxem;hegljivaler(1t[(eﬁeg)(/lger h/llg)sfl(ngy%bol ;t/d[:he pln)otk_) t?)lrlsgignal
pilot-to-signal power ratios was performed_over the rangéy ver ratio, respectively. Using (65)—(67) in (21) and (62), the
[faaTs, fa Ti] = [0.01,0.06]. Thus, comparing the resultsgynression of?, reduces after some simplifications to
in Fig. 10, corresponding to a normalized Doppler frequency . —m
faTs = 0.03 located at the center of the optimization range, P~ M-1 Z 1+ AN,

ST oaM —

with those in Fig. 11, corresponding to a normalized Doppler m(l+7)
frequencyf,;T; = 0.01 located at the edge of the optimization e B,T. [m(1+1’)+a E_]
range, we can conclude that the fixed switching thresholds r (m, L oy [N >
and fixed pilot-to-signal power ratios are very sensitive to the x |14+ Mo
changes off, 7. L'(m)
V. PILOT-SYMBOL-AIDED MPSK SYSTEM r < mar ByTs (141) [m(147)+as 52 >
In this case, as shown in (24), a pilot reference symbol _ r[m@n) o1 erd)] e ] &2 (68)

is inserted every K—1) MPSK information symbols within I'(m)

the transmitted data signal sequence. At the receiver, the pilot



FEMENIAS: REFERENCE-BASED DUAL SWITCH AND STAY DIVERSITY SYSTEMS 913

where respectively. Thus, under Nakagamislow fading conditions
A sin’ (&) 69 (e.g.Jo(27rfc_lTs) ~ 1) and by conditioning Ony.s., ;, the
Q=7 Sm2(m) T sin? (Hz n 1)' (69)  random variablesy; andw;_, are two vectors perturbed by
_ - BT M uncorrelated Gaussian noise and
This expression is identical to that of the PTA system. Thus, as

2 2
shown by Chan and Bateman in [14], the pilot tone system and Pw = A" [Xsse, il = Yoo, = Q= 1 (79)
the pilot symbol system have the same performance when oper- 2Ny o P,
ating with the same system power and information throughput. A2 T2 (27 faTs) [Xsser il
The only difference resides in the fact thae {1/(K — 1) : Pp = 2N,
K:234} J2 2w 4T
= J§(27rdeS)%SCT =, = % (80)
VI. DIFFERENTIAL DETECTION P
. y Th ER, h i
In this case, the symbol generated by the digital modulatore average S can then be approximated as
at timet = T, namely,z;, is the phasor representation of the M-1¢
MPSK symbolA¢; assigned by the mapper. It can be written aks = nM Z
1=1
il 9
ri=e . (70) J2 (27 f4T,) sin? (&) (81)

L - M —— -
Before transmission over the channel, the digital modulator Teser s1n2(m)+J§(27rdes)sm2 (m—l—%)

output symbolz; is differentially encoded, producing the

encoded symbol;. In phasor notation, the MDPSK codedtc_) bV|og;]ly,lth|sf e;presls?hr} IS exactt for ideal dlzferentlal)d:atec—
symbol in theith transmission interval can be expressed as lon, with slowfading. In this case, two consecutive Symbols are

_ _ assumed to fade coherently.
vi = vi_qa; = Ael(Pim1tA%) — feid (71)  Also, under Nakagamir slow fading conditionsy; and-;.

. . . . ; =1,2 i
and the baseband equivalent of the transmitted signal is th(én ,2) can be written as

given by _Aal —ES| Kl
. 2Ny N
v(t) =Y viqlt —iTy). (72) Axi® _ B o 82
; Yer = W = N(] |Xk7'| ( )

Assuming a dual branch diversity system and the use of ar Y : .
ideal automatic frequency control, that is, a perfect compen%’g‘]—[h E, = A°/2 being the equivalent energy per MDPSK

tion of frequency offsets between emitter and receiver local ossxmbol. Thus
cillators, the complex envelope of the received signal and the _ A? _Es 83
signal at the output of the reception filter can be expressed as Tk =Thr = 2N, Ny (83)
7(t) = Xase, (DV(t) + p(t) (73) pror = poin EE{V;sz} i
W(t) = Xowe, (1) S wih(t = iT) +n(t)  (74) L 2VEI Bl
Z ~ J5(2nd,)J5 (2 faTs) (84)
respectively. In a differential detection receiver, a delayed Ok = E{vyer} = J2(2n f4T.) (85)
replica of the input signal, with the time delay= T}, is used T 2VEWSE{WE}
as a reference signal (pilot signal). Thus, assuming a perfg\mere we have assumed that [4]
clock recovery, the complex samples at the MDPSK detector
input at timet = iT, corresponding to the transmitted symbol E{x1(t)x5(t + 1)} ~Jo(2mdy) Jo(2m faT) (86)
z; will be given by E {xi()xi(t+ 1)} = Jo(2m fa7). (87)
Wi = Xssc,,iVi + N (75) " In this case, using (82)—(85) in (21) and (81), the expression of
Di =Wi—1 = Xsscr,im1Vim1 + Ti—1. (76) P reduces after some simplifications to
As in the PTA and PSA receivers, the differential detection M—-1 L= -
process is equivalent to determine the phase andietween Ps = WM I+ —
the two vectorsy; andw;_; and decide in favor of the symbol I=1
Z; whose phase is closest#o By conditioning onyss., . the r myp [nﬂuz,’;—g]
complex-valued Gaussian random variaplg., ;—1 [15], [22], ms [m—l—a,[l—,]g(%rdes)]f,—g] 7
[23] has mean and variance that can be written as x| 1+ T(m)
Poxoser im1lXsseri — J0(27deT@)XsscT,i
1 i r myT [m+azf,—g]
+ (1 - E) (1 — Jo(2m faT5)] (77) m, [mtau[1-J2(27da) I3 2m faT)| 52 | 52 (9)
1— J2(2n 4T, I(m)
2 :[ 0( 7 fa )] (78)

Xsscr,i—1 |XsscT Ji 2
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'sj/;’ o oOn elac rancl_ grd,a a agamm- ading W"ﬂ mo= da][‘ E. /N, on each branch for an 8PSK modulation scheme, a Nakagafaging
faT. = 0.01, a normalized distance between antendas= 0.3, and for ith 1, = 1 and £,7, = 0.01, and for different values of the normalized

different values of alphabet cardinalify . distance between antennds.
where
J3(2m f4T,) sin? (= 1 : . . -
alé — 0(2fd 5) (g/[) . (89) = \\\_\\ m =05 g ]
sin® (k) + JE (2w f4Ts) sin® (ks + %) g1 [ B e =10 ]
g [ RN m=40 ——— ]
. . A - 2 ]
A. Optimum Adaptive Performance 5 07 NG R ]
£ - . T |
The average SER depends not only on M, E./Ny, E‘; 1073 ¢ S RN 5
Jg(2md,), and J§(2r f4Ts) but also on the value of the & . t AN 1
N . . 5 107t .
switching thresholdy;. As the average SER is a continuous @ i AN ... ]
function of 7, there exists an optimal value of for which & 195 | A B S
the average SER is minimal. This optimal valyg4s is a < I \ )
. —6 .
solution of s 10 15 20 25 30 35 40 45
P, E, /N, dB
3 : = 0. (90) %0
VT |y =Q4s 5_05 ? P
Substituting (36) and (21) into (90) and using [20, 6.5.25], w2 % | 230 70T i s
obtain < m=40 ——— e BT
< LT ¥
] // _,—‘——
—mAQAS 2 +b() g 15 //— T
No S e
(= l)ﬁb(so) exp m+b(p) Z[-T2 (27da) I3 (27 faTs )| E" 0 - ‘_/;f';,,,
B Foid
£ 3
/ - dep & 5 ;,/' /
) m+b ) B[l J3(2md,) T2 (27 f,ﬂ;)]) 0
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—myp 5| - +b() E,/No dB
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_1x P ) & Zeli-2en faTy)

0/ #) (m+b(0) %

Fig. 14. Optimum performance and optimum switching threshold versus
dp (91) E./Ny on each branch for an 8DPSK modulation scheme, a normalized
: 9 distance between antennds = 0.3, and a Nakagamir fading with
No [1_J0 (27rdes)]) faT. = 0.01 and different values ofi.
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. 1 a— de! _ 10_; 5 3 par_ametem gnd.normalized mgximum Doppler shﬁﬂfs, the

2 ot [ ~~_ quf;f 0.01 - -~ 1 optimum switching threshold is an increasing function of the

3 g Sl e o 1= 1 normalized distance between antendasAs d, tends to zero

& 102 | SR ; (totally correlated antennas), the optimum average SER tends to

g I ' \\\ - 1 equalthat of asingle branch receiver. Thus, the results show that,

‘L: 107% ¢ TR - 3 in the range of SER values of practical interest, a diversity gain

‘i s Jenseed  Of several decibels can be obtained for normalized distances be-

S I \\\""-u..j tween antennas greater thgn= 0.05.

£ 107 The effect of Nakagamir fading conditions on the min-

= - 1 imum average SER and the optimum switching threshold is
10_65 10 15 20 25 30 35 40 45 analyzed in Figs. 14 and 15. In particular, as expected, the

E,/No dB performance improves as increases, since the fading be-

m 40 . : : comes less severe, and deterioratesf g5 increases, since

© i -7 the correlation between received signal and reference signal

;? B f}idTﬁil(?m E— AT decreases. Furthermore, as shown in Fig. 14, given a mod-

g e s CeTT ulation scheme (in this case 8DPSK) and for fixed value of

£ 2 = Tt normalized distance between antendaand normalized max-

Zo 20 ol o // imum Doppler shift f;7,, the optimum switching threshold

g /"_/1_.';;%7' is an increasing function of the fading parameter Also, as

2 0 P shown in Fig. 15,_ given a modulation. scheme (in this case

£ // 8DPSK) and for fixed value of normalized distance between

£ 5B antennasl, and Nakagamin fading severitym, the optimum

S 0 " TR o 30 P m 15 Switching th_reshold is a decreasing function of the normalized

B,/N, dB Doppler shift fq7%s.

It is also interesting to consider the sensitivity of the average
Fig. 15. Optimum performance and optimum switching threshold vers§¥ER to the value of the switching threshold. To this end, for a
E, [Ny on each branch for an 8DPSK modulation scheme, a normalizéixed averagel’; /No = 20 dB on each branch, Fig. 16 shows
gféaé‘i%‘;rgitt‘“fg‘f{l‘ei”é;:‘}m: 0.3, and a Nakagami= fading withm =1 the gptimum average SER versus switching threshold for dif-
o ferent values of alphabet cardinalifif, normalized distance
between antennask,, and Nakagami fading parametersand
where b(p) = ((J§(2nfaTs)sin®*(x/M))/(sin® ¢ +  f,7.. The more the fading parameterincreases, the less sensi-
J3 (27 faT.) sin* (¢ + 7/M))). Then the optimum switching tive is the average SER to switching threshold variations around
thresholdy2** depends onn, M, E. /Ny, da, and f4T%. In  the optimum value, independent of the normalized distance be-
the particular case of BDPSK and very slow fading conditiongeen antennas and/or the normalized Doppler frequency of the
(faTs — 0), (91) reduces to fading. Moreover, in less severe fading conditions, the sensi-
tivity to v increases, especially in slow fading conditions.

Eg 2
JOAS _ " (m - JO(QWd“)]) ot danti ;
A5 =
[ — J2(2rd,)] (m+ ﬁo) B. Optimum Nonadaptive Performance
B Table 1l shows the values of the fixed thresholds obtained
x In [1 4 [1 _ Jg(dea)] s } (92) by the application of the proposed strategies (MCS, FAS, and
mNo MPS), for different values of alphabet cardinality and nor-
and, for uncorrelated branches, it results that malized distance betwe_en antendasAs with pllot-tqne-aldgd
systems, the cost functia®i(yr, ) has been numerically min-
E imized in order to determine the values-gf“S. In fact, the
OAS —mn ( 1+ — ). 93) trinle i : ;
I mNy triple integral in (40) has been computed numerically over the

intervals[ml,mQ] = [0.5, 2.0], [fd,ng, fd,QTg] = [0.01,0.06],

Figs. 12—-15 show the minimum average SER and the opith [(E;/No),, (Es/No),] being equal to [15 dB, 35 dB] for
timum switching threshold versus th&, /Ny on each branch. BDPSK, [20 dB, 40 dB] for QDPSK, [25 dB, 45 dB] for 8DPSK,
As expected, the average SER performance is a decreasing fuamg [30 dB, 50 dB] for 16DPSK. The values9f*5 have also
tion of the symbol alphabet cardinality. Furthermore, for fixetleen obtained through numerical computation of the triple inte-
M, m, and f,T., the optimum switching threshold increasesgrals in (41) over the same intervals. Finally, the valuegf>
with E;/Ny. It is also interesting to point out that, for fixedhave been obtained using (42) with,, = 1.25, (;n, = 0.035,
value of Nakagamin fading parametefn, normalized max- andf,,, being equal to 25 dB for BDPSK, 30 dB for QDPSK,
imum Doppler shiftf, 1%, and normalized distance between ar35 dB for BDPSK, and 40 dB for 16DPSK. The results show that
tennasd,, the optimum switching threshold is an increasinépr a fixed value of the normalized distance between antennas
function of the MPSK alphabet cardinality but becomes rathéy,, the fixed switching threshold is an increasing function of
independent of\f for very low and very high values df;/N,. the MDPSK alphabet cardinality, independent of the adopted

Similarly, as shown in Fig. 13, given a modulation schemeptimum fixed strategy. Furthermore, for a fixed valueidf
(in this case 8DPSK) and for fixed value of Nakagamfading the fixed switching threshold increases with
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1 3 TABLE I
E FIXED SWITCHING THRESHOLDS FORBDPSK, QDPSK, 8DPSKaAND
16DPSK WTH m; = 0.5, my = 2.0, f41Ts = 0.01, AND
: fa2Ts = 0.06. THE INTERVAL [(E,/No),,(E:/No),] 1s[15 dB,
N s i 35 dB] FOR BDPSK, [20 dB, 40 dBForR QDPSK, [25 dB, 45 dB]

T -7 ] FOR8DPSK,AND [30 dB, 50 dB]FOR 16DPSK

T

1071k

: i MCS | JFAS | ~MPS
-~ - ] M | do | 77 gy T

Average Symbol Error Probability

109 & RN ) T 01| 74 | 132 | 131
i -7 ] 2 02| 89 14.3 | 145

104 i ; ] 0.3 95 14.8 | 15.0
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1 F
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Fig. 17. Average symbol error rate verskis/ N, per symbol on each branch
for different values of alphabet cardinalify’ and ford, = 0.3, m = 1, and
faTs = 0.03. Fixed switching thresholds (Table Il) are used. The optimum
Fig. 16. Average symbol error rate versus switching threshold at a fixgérformance (OAS) of the system is also presented.

E./No = 20 dB on each branch for different values of alphabet cardinality
normalized distance between antendasand Nakagami fading parametens
andf,Ts. Where not specifiedy/ = 8,d, = 0.3, m = 1,andf;T, = 0.01.

Switching Threshold, vz dB

107! T

1072 Rl

r Probability

With reference to the fixed switching threshotgs©S, 7745,
and~3'S of Table II, Fig. 17 shows the average SER verst g L
E, /Ny on each branch for different values of alphabet cardZ 10-° ¢
nality (for clarity, only the SER performance of BDPSK ancg I
16DPSK modulation schemes is presented) andrfo= 1,
faTs = 0.03, andd, = 0.3. For comparison purposes, the op-
timum performance (OAS) of the system is also presented. , —
can be seen, the SER performances of FAS and MPS arev 107 ¢
close to each other and differ with respect to the SER perfc E,/No dB
mance of MCS. Similarly, given a modulation scheme (in this

case 8PSK) and for fixed value of Nakagamifading severity Fig. 18. Average symbol error rate verskis/ Ny per symbol on each branch
for an 8PSK modulation scheme, a Nakagamfading channel withn = 1

”? = 1 and normalized maximum Doppler Shst = 0.03, and f,7. = 0.03, and for different values of normalized distance between
Fig. 18 shows the average SER verdiig N, on each branch antennasi,. Fixed switching thresholds (Table Il) are used. The optimum
for different values ofl,. performance (OAS) of the system is also presented.

The effect of Nakagamin fading conditions on the average
SER is analyzed in Fig. 19, where the average SER versud f;7s = 0.03 is shown. As can be seen from the graph,
E;/Ny on each branch foM = 8,d, = 0.3, m = 0.5,1,2, the average SER performance loss due to the adoption of

1074

Average Sy
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Lr ] It is worth pointing out that the results presented in this sec-

1 tion depend on the selected, f,;Ts, and E; /N, ranges over
which the thresholds are evaluated. Of course, if any of these
parameters could be estimated and tracked by the receiver, a cer-
tain amount of adaptivity would be achieved.

101

1072 F

1073 F

VII. CONCLUSION

107 ¢

The performance of a reference-based dual predetection
switch-and-stay diversity system in receiving digitally modu-
lated signals in the presence of additive white Gaussian noise
and correlated slow and nonselective Nakaganfading chan-

_ nels has been presented. Pilot-tone-aided, pilot-symbol-aided,
Fig. 19. Average symbol error rate verstis/ 'y per symbol on each branch 51q gifferential detection reference-based systems have been
for an 8DPSK modulation scheme, a normalized distance between antennas . .

d. = 0.3, a normalized Doppler frequendyiT. = 0.03, and for different cONsidered. The general case of nonideal reference-based
values of the fading parameter. Fixed switching thresholds (Table Il) are used.channel state information assessment and correlated signal
The optimum performance (OAS) of the system is also presented. strength fluctuations on the two diversity branches has been
investigated. Such a situation can be encountered, for example,
in fast fading environments where the diversity antennas are

10—5 ; o

Average Symbol Error Probability

10~

104 b X ]
r \\\\\ m=2. < :“-\_ B
L N A ]
- A\ N w2
L N\ ]
\\ \
NN
30 35
E,;/N, dB

switch-and-stay diversity system depends on the switching
threshold and on the pilot-to-signal power ratio, the values of
these parameters that minimize the average symbol error rate
(optimum adaptive strategy) have been obtained. Thus, another
goal of this paper has been to determine the optimum switching
for an 8DPSK modulation scheme, a normalized distance between antenfg]hgses_hOId and the (_)ptlmum p||0t-t0-5|gna_l power ratlo_ a_s a
d, = 0.3, a normalized Doppler frequengy T, = 0.01, and for different TUNCtion of modulation type, channel fading characteristics,
values of the fading parameter. Fixed switching thresholds (Table Il) are usednormalized distance between antennas, and average SNR.
The optimum performance (OAS) of the system is also presented. Furthermore, some fixed switching strategies—minimum cost
strategy, fixed average strategy, and midpoint strategy—that
fixed thresholds is not negligible even far = 0.5 and is allow one to obtain a significant diversity gain with a reduced
an increasing function of the Nakagami-fading parameter. complexity receiver have been considered.
In order to analyze the effect of changing the normalized
Doppler frequency, Fig. 20 shows the average SER versus
E;/Ny on each branch foM = 8,d, = 0.3, m = 0.5,1,2, [1]
and f;T, = 0.01. The optimization of the fixed switching
thresholds and fixed pilot-to-signal power ratios was performed
over the rang@fq 1T, fa,2Ts] = [0.01, 0.06]. Thus, comparing
the results in Fig. 19, corresponding to a normalized Doppler s
frequencyf; T, = 0.03 located at the center of the optimization
range, with those in Fig. 20, corresponding to a normalized!
Doppler frequencyfyT; = 0.01 located at the edge of the 5
optimization range, we can conclude that the fixed switching
thresholds are rather sensitive to the change f. (6]

E L closely spaced, with reference to the RF carrier wavelength,
£ 107 Ryssmomsas ; and then receive fast signal fades pertaining to statistical
S N e ~\\\\_ m=.5 . . . . . . .

£ -2 LN ST 1  distributions with a certain amount of correlation. The impact
8 I \\\\\‘ SN m‘_‘lj G I R of symbol alphabet cardinality, normalized distance between
B 1078 E N R = antennas, fading severity, and normalized Doppler frequency
) r N - X h

£ N NN on the performance of these systems has been analyzed.

& Since the performance of the reference-based
g

<

40 45 50

Fig. 20. Average symbol error rate verstis/ N, per symbol on each branch
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