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ABSTRACT

When #/4 offset DOQPSK signals are subjected to time
varying mitlti-path reception, both amplitude and phase
of the sigpnal experience severe distortion, This effect
ig called flat [in frequency) fading, which causes sud-
den signal weakening often observed in a moving vehicle.
AGC [Automatic Gain Contral] can compensate ampli-
tude fluctuations since the modulus of 7 /4 offset DOPSK
iz constant. On the other hand, pha.'ae fluctuation must
be corrected based on the knowledge of amplitude Auctu-
ation, It is known that instantaneous phase dilferential
can be estimated frem the amplitude, provided if sig-
nal is of minimum (o maximum] phase. Unfortunacely,
any segment of 7/4 offset DOQPSK signals rarely satis-
fies this minimum phase condition because of the abrupt
phase changes that ocenr in s multiple of /4, The third
order cummulant, or its Fourier transform called hispec-
trum, is capable of detecting the phase of signals regard-
less of whether they are mininnun phase or nop-mininmun
phase, This paper disciusses how to estimate the phase
when flat fading cbscures the phase of # /4 offset DQFSK
carrier signal.

[. INTRODUCTION

The emerging PCS standard [5-54 has adopted 7/ 4 offset
DQPSK digital modulation scheme for wireless cellular
systemns, The 7 /4 offset DOQPSK is phase modulation of &
constant modulus. Mobile BEF channels experience short
term fading due to the standing wave established by the
superposition of waves travelling over multiple paths of
different lengths, The nulls of the standing wave cccur
every hall wavelength of the IIF wave. [t has been re-
ported that a vehicle travelling a velocity of 100km/h
will encennter a null at every 6.dms il IF [requency is
at B50MHz. [2) The #/4 offset DQPSK operating at a
sub-carrier frequency is aflected by this Hat fading of BF
propagation channel.  Flat fading implies that all fre-

guencies receives the same amount of fading at any time,
A w /4 offset DOPSK signal can be represented by

Spit] = Ag eflrriniti 1)

splt] 18 a complex wave to he nsually observed in the I-
(2 phase plane. Where, nit) is one of the inter number
no=0.1,2 or 3 representing n DQPSK code. When this
signal is transmitted through a flar fading channel, it

receives amplitwde and phase distortion, The received
and demodulated signal in the base hand is, therefore,

s(t) = Aft) el®it], (2)

Where, A{f) s amplituce Auctuation and ¢id) repre-
sents phase fluctuation, Disrepard the phase modulation
Tn(t] for the purpose of compensating the phase vari-
ation caused by the Hat fading. Though practical RF
rinanncls are not of a Hat or a rasced cosine freguency ro-
sponse which iz free from inter-symbol interference [I81),
it i3 assumed that the channel itself iz ideal. Since o /4
offset DOPSK doees not depend on the amplitude, At} is
less important, The phage @), however, severely affects
the detection of ’3" phase modulation. Automatic gain
cobtral {AGC) can keep A{E) rensonably constant. It s
apparent that the problem is to estimate &(t), In order
to separate the phase, we now consider ln s(1) instead of

504}

il il )
— sl = ———All) | j—a[i). :

Thus, the problem of estimating the phase a(f) now be-
comes a problem of finding the imaginary part }'{"F{.b[f.]l
fram the real part zlﬂa%.f-l[ij. A fensible solution exists

and is presented in the article [2) as

as(t) _ [ 1 dA() 1
m '_H[A[tj i l 4)

where fT 15 the Hilbert transtormm, A different and more
detailed interpretation for this solution is glven in the
next section, This selution works for such signals that
satisly the minimum or maximom phase condition, It
is necessary to develop a more robust method that al-
ways work regardless of signals property. It is known
that the higher order power spectrim. whirh refleces the
statistical higher order cummolant, restores the phase
information. Therefore, bispectrum {the next higher to
power spectrim) is considered in this paper to exploit its
properties for phase estimation.

II. LeEcoveERry oF REAL OB IMAGINARY PART OF A
CoMPLEX S1GNAL

suppese we have a complex signal s(n) = =in) + jyln),

for which sin} is defined only for hall & range of n =
0L 2N -1 le. n=140.1,---. N — 1 and zero for n =
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Figure 1: Amplitude and phase differential changes over
a conrse of time, {Phase in dB)

MoONE1 2N =1, Under this constraint, the real part
and the imaginary part of s(n) are not independent and
are rtually related. Either part is the Hilbert transform
of the other part. In order to show this relationship, we
first introduce an even symmetic wave o, (n} and an odd
symmetic wave I,r,,{n]l. .-ih"ml:lning y[.""nr:l =1,

[ x(n) ifn=0,1,-.N-1

Tl = e —n) = N 2N -1
[ win) ifn=01-.N-1
yalnt) = —y(2N —n) ifn=N--- 2N -1 (6]

We next consider the discrete Fonrier transform of #.0n)
and yoin) indivisually.

X(k) = DFT {xe(n)}

Since ma(n) 18 a even seqience, X(E] is real and symmet-
ric.  Similarly, Y{&) is maginary and aoti-syiometric,
Mow we force X{E] to become anti-symmetric and Y (&)
to hecome symmetric with respect to their non-zero part,
either real or imaginary part, introducing X,{%k)] and
Yalk).

Yiky=DFT{ya(n)} [T}

[ X(n}
—X(2N — n)

- ifn=01,- N-1
Aalk] ifn=MN,---,2¥ -1 (3)
ifn=01,---,N—1

o [ Yin]
1|.:l:'ﬂ'] - ilff1=_‘hl.'ll--'521h'-'r— 1

V(2N - n) 19

Letting,

zoln) = TDFTIXE}  weln) = IDFT{Y.06)) (10)

we now lave Lwo Lime sequences, #qirn0 and yein). Dhie
ter the fact that X,[k) is real and symmetric, @,(n) is a
imaginary and symmetric sequence, whereas j.(nr) is a
real and anti-symmetric sequece since Y0k is imaginary
and symmetric. A composite complex signal constriveted
Iy combining the real part and the imaginary part can
be expressed by y.(n) + jza(n). Comparing this to the
introduced two sided signal 2.{r) + fyain), In order to
eonstriuct the one sided signal from these two sided sig
['IH.-]!i..

—

a{nl+iyin) = c{ap(nl+yelnl i {valni+aa ()} (11}

]

the necessary conditions are

Talr) = pe(n) and fa(n) = main) i12)
forn=0.1,---, & — 1, Orin the Fourier domain,
XikYy= = Yolk) and Y (k) = Xo(k). (13

Thus, we can obtain the real part min) from the imagi-
narvy part y[n) or vice versa. This process of reproducing
the original signal x{n)+J i =) from its two sided counter
part Te(n} 4 Jy.ln) B8 equivalent te applying the Hillbert
tranform,

v _j I|'|:-.|I-‘.='|:|!:|_!-._“:".|I.'_1
H[m—{ i k=N, 2N — 1

to the IDET of X,ik}+7 ¥.(k}. Provided that the original
complex signal is one sided in the similar sense of single
side hand spectrum, the real part and imaginary part are
related by the Hilbert transform.

[14]

[Il. Frar Famneg CHANNELS

A w /4 offset DOQPSK sipnal received in a moving vehicle
affected by multi-path propagation is generally expressed
|}:,' the fn]]uwing epirakion.

s(t) = 3 e ed et Tultiion/BERT (1)
i

The summation over the subseript ¢ means to account
all paths of propagation. r; represents the attenuation in
path i oy, & and 4 are the constants that depend on
the geometry of surrounding reflection surfhees, nit) is
all integer representing a symbol being transmitted. A
case of strong reflections from three near-bv surfaces is
shown in Fig, 1, The amplitude shows dramatic changes
that accompany changes in the phase differential {first
time derivative of the phase}, This information of phase
differentinl can only be ealenlated by the signal model
aiven in BErg. 15 but not available for practical receivers.
[f the receivied sipnal aftectod oy mualti-path propagation
is compensated only in terms of amplitude, the constel-
lation resulted from this v /4 offset DQPSK becomes as
shown in Fig, 2. No distinct four positions of stars are
vigible,

IV, Bi1sPECTRUM PHASE ESTIMATION

The determination of phase from known power spectrum
1 possihle only if A signal s definitely of minimum phase.
In erder ta estimate phase frem the magnitwde of asignal,
the higher order spectrnm, at least the hispectrum, mnst
e nsed inztead of itz power apectrim. [Cu] When the
anto-carrelation function +{7v) of A signal is known, the
power spectrim is given by

Sljw) = /‘“‘: r(r)e T dr. (16]

[nw]
Statistically, the auto-correlation function »(r) is given
by

rir) = E[e(t)z(t + 7)) (17

[or a stationary sigoal @(t). Extending this to the third
arder ciimmulant of the signal,

ey, Tl = Ela{ta(t b ot 4 ] i18)
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Figure 2: The constellation of AGC compensated de-
coded data,

the hispectrium s obtained from the Fourier transform,

o0 b
Bijuwy, jus) = [ [ e[y, T
Y = LA

x e HuimbeTsl e, dr, (19)

Far discretized time ¢, the third order commulant of the
stationary signal =1, Fa. 18 can be written as,

=

z T(t)mit A w4+ ).

[=—0

el T2l = (20}

The discrete form of the Fourier transform given in Eqg. 19
I5 given

B{jwy, fuwy)

o e
= "rE E [Ty, g e e Tubuia )

23S bl 4 r il + v dienribosa
Tl Tz f

= X)X {Jwg) X (—flen +wa))
= X ) X (wa) X (e + wal) 1213

Where, v is a constant of preportionality and X{jw) is
the Fourier transform defined on discretized time,

0

XGw) = Y wli)e™ " = | X (jus}e?)

b=

(2Z]

Sinee the bispectrim B(jwy, jwe) is decomposed into the
magnitude and the phase,

Bljun, jug) = |B(jun, jug)e??rsl o (2)
Thus, the hispectrum phase and the phase of the signal
i) arve related Dy
[24)

wlwrwa) = @lwy) + dlwgl = dlwy + wa).

Our problem here is to estimate the phase @(w) in
Eq. 22 for a given signal 2(t).  The Fourier trans-
form X(jw) is not available becaise of the direct conse-
guience of the problem set up. However, the hispectrum
Biju, jual s available az a result of Eg. 19, which is

simply the Z-dimensgional Fourler transform of the thicd
otder cummulant oy, 7g). In order to God o(w) from
Eijuwy, juy], the hasic phase relationship of Eq. 24 is ex-
ploited. A oumber of algorithms have been developed
in this regard, Most algorithms estimate the phase by
minimizing the mean square error MSE defined as

MSE= [ [ folus,wn) -

=y ) + iy + wy )] dusy duwg,

dlwy)
(25}
When the signal =(f) is descritized in time, hoth

Glwp,wz) and @fw) are 27 periodic. Then, hoth the bis-
pectrum phase and the signal phase can be expressed in

the Fourier series,
[.a:v}z [ [ #lun )
bl 1

W i'”'l."'l.rl. ?Hiw"dh.r]_l'ilﬁ'

[gr [ Blur)e " dy

The Fourier series coefficients of the optimum phase
which minimizes MSE can be found to be [4),

I-:ili:| Tz

(28]

[27]

fn =  —&nn

‘:-"M = E':r-'ﬁ.'::' + i |':'1|.r|._:|- LEHI:

The phase estimate is thus obtained by
Blu) = 3 Fuel (20

Ii==—00C
For example, a diserete signal given Dy
Eﬂ'ﬂi,
k) = e ® [ cos| )
(16 2wk N 4.5;&, ‘o

+I'.',GL=1[1 m;f_] - P ] |.'|.:“:]::'

exhibits non-mininnun phase characteristics having some
zeros ontgide of the unit circle in the w-plane, The phase
was estimated from its amplitude by using the bispec-
trim, The result shown in Fig. 3 shows a good agree-
ment between the known trie phase and the estimated
phase.

V. IMPLEMENTATION OF BISPECTRUM PHASE
EsTiMaTioN FOR 7/ DQPSK

As discussed in the previous section, the phase that can
be estimnated by the bispectrum is the phase defined in
frequency domain, The phase that needs to be deter-
mined in = /4 DOPSK signals is the instantaneous phage
@(1) of Ey. 2. This instantaneous phase ¢(4) can only he
found as a phase of 7 /4 DOQPSK carsier frequency in the
frequency response of the channel, Since the frequency
shift due to phase é(#) is practically mich smaller than
the carrier frequency w, a short time chservation of 7 /4
DOPSK signal which covers n certain number of carvier
eycles can be nsed to caleulate the frequency response,
This observed signal constitutes the output in the cal
citlation of the impulse response, As for the input, the

—201—



EdETRIed Fridd [dikd | arc Trus Phass dashec)

! ’“:-1' Ay
Iy, ...l s
b a LN
=8 | |::| | I/_./"c l |||:
|, k t i |.'|'.
1 | F ! *.-’:I I. ; b
R na
U i N
D I:. | _J:-'.- !_J':' |
EI.__./ o Iu i |
! e '::_,_\III J
4
14 1 in T Ta &0 FON T

Figure 3 Comparison hetween the true phase [dashed
line) and the estimated phase (solid line) of & non
minimum phase signal shown by the zero locations

constant modulus AGC compensated signal is the clos-
est candidate for the unknown input. The transmitted
signal unaffecied by multi-path propagation is unknown.
However, it is reasonahle to assume that the combined
effects of multi-path propagation is mostly reflected to
the amplitnde change and the carrier waveform has re-
cejved little change. Mathematically, the input signal to
be itsed in the impulse response determination is,

pit) = Z rg g otk Fal) (31)

which is nothing but the constant modulus ACC com-
pensated output waveform. This pair of input and oat-
put often results in w non-minimum phase impulse re-

sponse, thus requiring bispectriun analysis to obtain the
trve phase @),

This limitation can be however loosened by introducing
another asswmption that unmodnlated carrier signal will
also result in the same amplitude {envelope) change. The
input and owtput pair under this assumption is,

i
E o E Huwtda, 0 45,1
{

u(t) = (32)

s = (33)

Sinee the output containg (requency components not con-
tained in the single frequency input (non-linear system),
obvious singularities make it inevitable to ignore all fre-
cuencies other than the carvier frequency in ealeolating
the frequency response ({jw). This assumption leads
to an approximated phase angle # and its corresponding

no

[k}
Pa s

amp (i . | |'| \
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Figwre 4: Calealated phase from the amplitude flinetia-
tion shown in Fig. 1,

lead /lag time T

5w
L un)

= Ap = 4 pwT

Cljw) =

(34}

The impulze response thus obtained tends to he of mini-
miumn phase, justifyving the method to estimate phase dif-
ferential from amplitude differencial given by Eq. 4. The
phase caleulated with this second assumption is shown in
Fig. 4. Comparing the phase differential shown in Fig. 1
and Fig. 4, it is evident that the time derivative of Fig. 4
15 the phase differential shown lu in Fig. 1.

VI, COoNCLUSION

The direct nse of a few cycles of amplitnde varying /4
DQFSK signal for bispectrum analysis has an advantage
that the phase modulation introduces a wide range of fre-
quency components. The ahrapt «/4 phase changes, i.e.
discontimuities, gives rise to a widely spread apectrim.
However, they contribute little to the frequencies near
the carrier frequency w, which are needed to determine
mare acenrate phase @it} of the specifie carrier frequency
w. By experience, the second assumption works Letter
if the single frequency w is perturhed areund the carrier
frequency to find the slope of the linear phase response, in
another word the average time lead/lng, In this case, the
channel model is definitely of minimum phase which sl
lows the use of ordinary spectrum instead of bispectrum.
The bispectrum approach, of conrse, works as well. An-
ather finding observed is that a small nnmber of carrvier
cycles sauch as one cycle ia actually better in terms of
tracking ability for fast phase changes. The amount of
calenlations invelved is dramatically reduced in such a
amall number of carrier cycles, particularly for the his-
pectrum implementation. Note that the number of sam-
ples per earrier cycle used in the experiments shown in
this paper is eight sample per cycle,
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