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Direct Sequence Spread Spectrum
Walsh-QPSK Modulation

Dongwook LeeMember, IEEEHun Lee, and Laurence B. Milsteikellow, IEEE

Abstract— In this paper we present Walsh-quadrature to spectral regeneration at the output of a nonlinear power
phase-shift keying (Walsh-QPSK) pseudonoise (PN) modulation gmplifier [6].

schemes for both coherent and noncoherent direct-sequence Both noncoherentM-ary orthogonal signaling for data

code-division multiple-access (DS-CDMA) systems, wherein the . . . -
PN spreading sequences for in-phase and quadrature data in a modulation with orthogonal quadrature phase-shift keying

conventional QPSK PN modulation scheme are coded by Walsh (OQPSK) pseudonoise (PN) spreading [5] and coherent QPSK
sequences indexed by a special rule to reduce the envelopedata modulation with QPSK PN spreading [2] have been pro-
variation of the transmitted signal. Signal characteristics of the posed for a DS-CDMA portable terminal. Using noncoherent
two schemes are analyzed when a rectangular-shaped PN chipgopgk PN modulation, there is some self-interference be-

pulse is used, and it is shown that the proposed coherent DS- . .
CDMA system has a constant envelope even in the presence of atween the in-phase and quadrature components resulting from

transmitted phase reference. We simulate the signals to obtain the @ delay of a half PN chip duration in the quadrature component
envelope variations when a spectrally efficient shaped PN chip of the transmitted signal, although it is typically much smaller
pulse is used, and compare the results with those of conventional than the multiple access interference from the other users
QPSK and orthogonal QPSK (OQPSK) PN modulation schemes. [7]. Using coherent QPSK PN modulation, the system might

The results show that both the noncoherent and coherent - - .
Walsh-QPSK schemes have smaller envelope variations than the "€aUIre a pilot channel for coherent demodulation. Further, the

conventional noncoherent QPSK and OQPSK PN modulation sum of the p||0t channel and the Signal channel exhibits a hlgh
schemes, even though in the coherent Walsh-QPSK scheme theenvelope variation and a large phase change.

pilot channel is added to the signal channel. In this paper a special case of QPSK PN modulation,
Index Terms—CDMA, direct_sequence’ Spread_spectrum com- called Walsh'QPSK, is inVeStigated to see if it can exhibit
munications, Walsh-QPSK modulation. lower envelope variation and smaller phase changes than the

conventional PN modulation schemes proposed in [1]-[5].

The Walsh-QPSK PN modulation uses a property of the
product of two adjacent indexed Walsh sequences, which is
SEIVERAL versions of direct-sequence code-divisiogerived in Section Il. Section Ill presents system models of

ultiple-access (DS-CDMA) have been proposed fgre Walsh-QPSK PN modulations for both noncoherent and
cellular, personal communications services (PCS) and wirelegherent systems. In Section IV signal characteristics of these
local loop (WLL) applications [1]-[5]. Important requirementssystems are analyzed when a rectangular-shaped PN chip pulse
for a portable terminal in wireless applications with mobilitys used. In Section V we perform simulations to determine
are low cost, low power consumption, small size, and ligihe envelope variations of the proposed system models and
weight. To meet the requirements of low power consumptioggmpare them with those of conventional schemes when the
an efficient power amplifier should be used. From the poiBpectrally efficient shaped PN chip pulse proposed in [5] is
of view of service providers, spectral efficiency is also agsed. Finally, we present the conclusions in Section VI.
important requirement. However, usually a spectrally efficient
signal has a large envelope variation. The large envelope
variation of the transmitted signal results in increased adjacent
channel interference and degraded system performance due
In this section we derive a property of the product of
Paper approved by C. Robertson, the Editor for Spread Spectrum SystdW® adjacent indexed Walsh sequences. It is well known that
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W22 ¢ = c, W+l andc, is a binary PN sequence. Therefore,
T the transmitted signa$nwaqpsk () is given by
1 -
SNVVQPSK(t) = \/§ Z h(t - nTc){dLn/NJ CnI/Vr%Z
| 0 | o n n=—oo
1'3 -2 l‘l 0 f ) 13 - cos(wet) + dn/N) c W2t sin(w.t)}. (6)
-1__
B. Coherent DS-Spread-Spectrum Walsh-QPSK System
Fig. 3 shows the block diagram of a coherent DS-spread-

Fig. 1. Product of two adjacent indexed Walsh sequences. spectrum Walsh-QPSK (CWQPSK) transmitter. To separate
the pilot and signal channels, different pairs of Walsh se-
guences are used in each channel. Further, one of the four
Walsh sequences is multiplied byl to reduce the envelope
variation of the transmitted signal. The transmitted signal
Scwarsk(t) is given by

where W = wal(m, nmod(M)) for n > 0 and
Wm = wal(m, M — |n| mod(M)) for n < 0.

The wal(m, n) and theW ™ take on the real valuesl,
rather than the values zero and one o¢&F(2), with the

following standard mapping relating the two: >
9 pping g Sewarsk(t) = Y h(t —nT)

GF(2) Reals n=—oo
0 — +1 2 (VSp djpyn W3+ /SpWE) cos(wct)
b 0 (VD i WEH = /SpW )
The factored expression abal(m, n) derived in [8] is -sin (wet)
given by 7)

wal(m, n) = (—1)/P—1*p-1 . (_1)ip—2kr—2 ... (_q)ioko where Sp and Sp are the data and pilot signal transmit
powers, respectively, and# j. Note that from (4) W2 =

3) (—=1)"W2+L, Therefore, (7) can be rewritten as
where (jp_1, jp—2, -+, jo) and (kp_1, kp_2, ---, ko) are o0
binary representations far andn, respectively, and are givenScwqrsk (t) = Z h(t — nT.)
by m =3 27j, andn = 3.~ 27k,. Note thatj, and n=—o0 ‘ '
k, have the value of zero or one. We obtain the product of (V5D djp/n W3 +/Sp W2T) cos(wet)
2% 2417, . .
Wyt and Wit (i =0, 1, 2, -, M/2 —1) from (3) as o DM (VED dyyw W = V/Sp W)
W2 WL = (C1)k = (1) @) -sin(w,t)

(8)

In this equation we observe that if the sum of the in-phase
signals is constructive, then the sum of the quadrature signals
is destructive, and vice versa. This property can reduce the
envelope variation ofScwqpsk(t), as will be seen below.
lll. SYSTEM MODEL Indeed, note that by using a rectangular-shaped PN chip pulse,
i.e, h(t) =1 for 0 < ¢t < T, and h(¢t) = 0 otherwise, the
A. Noncoherent DS-Spread-Spectrum Walsh-QPSK Systenmenvelope of the signal has a constant valug/&(Sp + Sp).

In general, assuming that there a@echips per data symbol,
a QPSK PN signal is given by [9] IV. SIGNAL CHARACTERISTICS

Note that in (4) the product d¥ ? andW ?*! is not a function
of ¢, but only a function ofn. The product of the2:i)th and
(2¢ + 1)th Walsh sequences is shown in Fig. 1.

Sarsi(t) = VS St — nT){d;, n ¢ cos(wet) A. NWQPSK
n=—oo To test the constellation of NWQPSK, we consider the in-
er‘in/NJ e, sin(w.t)} (5) phase and quadrature sequences in (6). From (6), the in-phase
_ sequenceYWRPSK and the quadrature sequen@g™WersK
wherecl([n/NJ andcl'in/N1 are the in-phase and quadrature daigre given by
sequences, respectively, and ¢}, are corresponding binary

TQPS 7
PN sequences is the transmit powerl /7, is the chip rate, LVOPSK —d) e Wy (9a)
and h(t) is the impulse response of the chip-shaping filter. and
Fig. 2 shows the block diagram of a noncoherent DS- QNWQPsK :dLn/NJCnti—i—l (9b)

spread-spectrum Walsh-QPSK system (NWQPSK) transmitter. _ _
It can be seen that NWQPSK is a special case of QPSK Pagpectively. From (4), (9b) can be rewritten as

H c __ s _ c o 21 ’ . ’
modulation, wherean/NJ = dLn/NJ =d|n/N]s ¢ = Wy, ONWQPSK _ (—=1)"d ) caW2i = (—1)"INWAPSK (1)
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Fig. 3. Block diagram of CWQPSK.

If n is an even number, then possible pairs and

(INWQPSK  ONWQPSKY gre (1, 1) and £1, —1). If n

is an odd number, then the possible pairs are{1) and ~ QSWQPSK :(_1)"cn(@dmmwgi - EWE")
(=1, 1). Therefore, the signal constellation of NWQPSK (11b)
becomes as shown in Fig. 4. The phase difference at the

sample point is always /2 or —= /2, which is similar to the ; .
signal constellation of OQPSK. Furthermore, with NWQPSI:%esl?aet?g:e(li/'l)-r?;’ebéwga;?igl;in;gs are no longeror —1.
under ideal conditions, there is no self-interference between

the in-phase and quadrature sequences, since the in-phase CWQPSK a1 o o

H I —
and quadrature sequences are orthogonal because of the " Sp e+ V5P e, (123)
orthogonality of the Walsh sequences. and

QCWaPsK _ (_1)n( /Sp et —\/Sp ci) (12b)
B. CWQPSK

From (8), the in-phase sequentg™ *"SK and the quadra- Wherecl, = ¢, d|,,,n)W32* andc2 = ¢, W. We define two
ture sequenc&SWrSK are given by setsS; and.S; whereS; andS, represent the possible pairs of
(ISWAPSK - CWAQPSKY whenr is odd and whem is even,

n

CWQPSK __ 2 25
Iy —GN(V Sp da/nWe' + v Sp an) (113) respectively. From (12), the elements $f and S, are given
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Fig. 4. Signal constellation of NWQPSK.

by

Sll = (I VVQPSK7 QCVVQPSK)

|n—0dd el =1, c2 =1

T

Fig. 5. Signal constellations of CWQPSK assumifig > Sp.

TABLE |
ENVELOPE UNIFORMITY FOR NONCOHERENT DS-CDMA SCHEMES
WHEN AN FIR FLTER IS USED AS A PN QHIP PULSE-SHAPING FILTER

=(VSp+VSp, —V/Sp + \/g)v PN Modulation QPSK OQPSK NWQPSK
Sz = (I7WVPSR, QUWOPSKY | _aa e el=1,c2=—1 o/n (%) 34.1 33 263
( —/Sp, —/Sp — \/Sp )7 PMEPR (dB) 6.2 54 41
Sig = (ISWAPSK QCWAPSKY 11y DR (dB) 489 435 11.0

=(=V/Sp+ /5, VSp +V5r),

_ /jCWQPSK  ~CWQPSK
Spq = (IFWAPSK ooWa Nn=odd, et =1, 2 =—1

~ (~Vn — V57 VS0 - V5r)

(13)

and
So1 E(I VQPSK7 QCWQPSK)

|n—even, ck=1,e2=1

=(vSp +v/Sp, VSp - E)

(ICVVQPSK QCV\’QPSK)

S22

|n=even cl=1,e2=-1

= (Vb = V/Sp, VS +V/5p),

523 ( CVVQPSK QCVVQPSK)

|n =even, cl=—1,c2 =1

(=v/5p+ VSr, =S~ V/Sp),

(ICVVQPSK ; QCVVQPSK)

S24

ln=even, et =—1, 2 =—1
VRN AN

respectively. We consider four cases: casecll)= c?
chi = ¢l case 2)¢, = —
case 3)c, = —c2
¢ andch,, =

n

(14)

2 .
_cn—l—l'
andcl ; = ¢2,;; and case 4y, =

have Si; = S51, S12 = S23, S13 = S22, and Sy = Say;
consequently, the constellation is exactly the same as that of
w /4-rotated QPSK.

V. SIMULATION RESULTS

To test the envelope uniformity of NWQPSK and CWQPSK
when a spectrally efficient PN pulse shape is used, we per-
formed simulations. In our simulations, we use a finite impulse
response (FIR) filter with the impulse response of [5] as
a pulse shaping filter. This FIR filter is a low-pass filter
with the passband < f -7, < 0.4801 and the stopband
f-T. > 0.6022. The maximum permissible passband ripple
is £1.5 dB and the stopband is down40 dB from the
passband [5]. The level of envelope uniformity is measured
in three ways: the standard deviation-to-mean envelope level
ratio (o /7), the peak-to-mean envelope power ratio (PMEPR),
and the dynamic range (DR) of envelope power. PMEPR
is defined as the ratio between the maximum and the mean
envelope powers of the transmitted signal, and DR is defined
as the ratio between the maximum and the minimum envelope
powers of the transmitted signal. These are both important

—cﬁﬂ. The constellation points for caseparameters for designing a power amplifier. Since the above

1 are S11, Si4, So1, and S34. Since n increases in time two performance measures both involved the peak envelope

by one unit, the constellation point moves from eithar
or Si4 for n an odd number, to eithefs; or Sos for n

value, we consider another measure independent of the this
value, and defined as the ratio between the standard deviation

an even number, or vice versa. Therefore, for case 1, thed the mean of the envelope of the transmitted signal.
constellation point moves on the rectanglg—S21—S14—S524. Results for QPSK, OQPSK, and NWQPSK PN modulation
In a similar manner, for case 2, the constellation point movesth noncoherent DS-CDMA systems are listed in Table |, and
on the rectangleS1,—S22,—S513—523. For cases 3 and 4, thetheir constellations are shown in Fig. 6(a)—(c). From the data
constellation point moves on the rectanglgs—52;—513—524 in Table |, one can find that the NWQPSK has better envelope
and S11—522—514—523, respectively. Assuming, > Sp, the uniformity than either conventional QPSK or OQPSK. In
signal constellation of CWQPSK is shown in Fig. 5. Not@articular, the DR of NWQPSK is reduced by over 30 dB
that in cases 3 and 4 the constellation point moves around¢@npared to that of the conventional schemes. From Fig. 6(c),
square, as in NWQPSK. Also note that whép = Sp, we it is seen that the NWQPSK has no constellation points in



LEE et al. DS-SS WALSH-QPSK MODULATION 1231

S B - . e

Q-component
4

Q-component

Q-component

W e cerccmanadenarunanmad

I-component I-component I-component
@ (b) (©

Fig. 6. Signal constellations for noncoherent DS-spread-spectrum systems with PN modulations of (a) QPSK, (b) OQPSK, and (c) NWQPSK when an
FIR filter is used as a pulse-shaping filter.
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Fig. 7. Signal constellations for coherent DS-spread-spectrum systems with PN modulations of (a) QPSK, (b) OQPSK, and (c) CWQPSK when an FIR
filter is used as a pulse-shaping filter asgpy = 4Sp = 1.

the vicinity of the origin, while Fig. 6(a) and (b) shows that TABLE I
is not the case for the other two schemes. Since the impulse DE_N(‘:/EDL'\‘;PAE;ﬁ'EEEZ'TVJHFE%RSCOH_ER;NTM
response of the FIR filter spang7., the amplitude of the r-er
envelope is dependent on the polarities of the last 12 Peshapingfilter FIR rectangular
chips. Due to the independence between the two PN sequentagdulation QPSK | OQPSK | CWQPSK| QPSK | OQPSK | CWQPSK
spreading the in-phase and quadrature data used in QPSK,, s, 195 380 204 500 3.9 0
and OQPSK schemes, the amplitudes of the in-phase and

. PMEPR (dB) 7.9 6.5 54 2.6 2.6 0
guadrature components can have either large or small values
simultaneously. However, in the NWQPSK scheme, one of thePk @B) 66.2 56.2 18.9 95 95 0

polarities of the in-phase and quadrature PN sequences always

changes. This feature of NWQPSK prevents both the in-phase o

and quadrature components from having either large or smalfFinally, note that from Tables | and Il, the envelope variation

values simultaneously. of CWQPSK is also smaller than that of noncoherent QPSK
We also performed simulations for coherent DS-cDMANA OQPSK, even though with CWQPSK signals the pilot

systems. Results of the QPSK, OQPSK, and CWQPSK F;wd the signal channels are summed, while in the noncoherent

modulation schemes for coherent DS-CDMA systems a%PSK and OQPSK schemes there is no pilot channel.

listed in Table II, and their constellations are shown in Fig. 7.

From the data in Table Il, it can be seen that CWQPSK has VI. CONCLUSION

better envelope uniformity than the conventional QPSK and |n this paper we proposed two Walsh-QPSK PN modulation
OQPSK PN modulation schemes. Also, the DR of CWQPS¥chemes, namely NWQPSK and CWQPSK, for a noncoherent
is reduced by over 40 dB relative to that of conventionaind a coherent DS-CDMA system, respectively. When a
schemes. For the same reason as was the case with NWQR&8Ktangular-shaped PN chip pulse is used, the NWQPSK
the CWQPSK has no constellation points in the vicinity of theas a similar constellation to that of the OQPSK, but there
origin [see Fig. 7(c)]. is no self-interference between the in-phase and quadrature
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components since the former scheme uses two orthogo»~!
sequences in spreading the in-phase and quadrature data. /
the CWQPSK has a constant envelope even though the p
channel is added to the signal channel.

When a spectrally efficient shaped PN chip pulse is use
both NWQPSK and CWQPSK have smaller envelope vari
tions than do conventional OQPSK and QPSK PN modulati
schemes. The NWQPSK and the CWQPSK PN modulati F 4
schemes, consequently, represent power-efficient structures fQtersity of california
both noncoherent and coherent DS-CDMA systems.
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