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A Bandwidth-Power Efficient Modulation Scheme
Based on Quaternary Quasi-Orthogonal Sequences
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Abstract—A novel modulation scheme suitable for noncoherent Il. QUATERNARY QOSs
demodulation based on quaternary quasi-orthogonal sequences
is proposed. Compared to orthogonal modulation, the controlled  Letx = (#(0),z(1),...,z(N — 1)) be a sequence of length

quasi-orthogonality between the sequences allow significantly NV, Where eache(n) is referred to as &hip. The sequence
increased bandwidth efficiency with little or no degradation in is called abinary sequence ift(n) € GF(2) and aquaternary

power efficiency. A hardware efficient demodulator structure sequenceif(n) € Z4,thering ofintegers modulo 4. L&V, =

using fast Walsh transforms is also presented. {wili =0,1,..., 2™ — 1} for a given positive integem, be
Index Terms—Modulation, noncoherent demodulation, the set of binary Walsh sequences of lenjjth= 2. Then, let
quasi-orthogonal sequences (QOSs). 2Wp = {2w;|i = 0,1,...,2™ — 1} be the set of quaternary

sequences derived froWV,,, by multiplying each sequence in
W,, by 2 overz,.

We define the correlation between two quaternary sequences
RTHOGONAL modulation (OM) schemes such as andy asRy, = Y. _ j=("~v( with j = /—1. The
M-ary frequency shift keying (MFSK) [2] and/-ary setF = {f;|i = 0,1,...,M — 1} of M quaternary QOSs of

Walsh modulation [3] combined with noncoherent demodilength/N = 2™ is then defined as a set of quaternary sequences
lation are frequently used in communication systems whegatisfying the following two propertieés? [1]:

reliable phase recovery is not practically feasible or undesir- 1y ~ contains2w,,,;

able. Itis well known thafl/-ary OM asymptotically achieves 2y for any two distinct sequencek,f, € F, we have
channel capacity under the AWGN channellds— oo with |Re, 5| < V'N.

both coherent and noncoherent demodulation [2]. However .
OM requires bandwidth which increases linearly withfor a

given data rat_e_, regdegngdtﬂerpr u_nsuitable for COmmumc""tiggquences [6] and their cyclic shifts. The resulting set of quater-
systems requiring bandwidth efficiency. nary QOSs of lengtiV has a family size o/ = N? and can

Modifying conventional OM schemes in order to increase tf}f\e partitioned intaV nonoverlapping equal size subséts —
bandwidth efficiency by sacrificing the orthogonality amongthg D1 2Wn = (v i [ENi= €1, Ba 2Wi, 2W; € 2W,n, i =

signals have previously been addressed. Two examples incl &? N1 L—01 N—1.H is th fini
MFSK with nonorthogonal frequency spacing [2] and multitong 7 : "’ b 0.1, - Here.c,, is the defining
MFSK (mMMFSK) [4], both succeeding in increasing the bancrj

width efficiency but only at the cost of significant loss in POWEL e givenin Table I. Clearly, any two distinct QOSs contained in

efﬁmenpy. . .. the same subset are orthogonal to each other. On the other hand,
In this letter, we propose a novel modulation scheme Su'taqr?e correlation between any two QOSs contained in different
for noncoherent demodulation based on quaternary quaSi'Qlﬁbsets can be shown to take on only the four vatties/N
thogonal sequences (QOSs) [1] which will be referred to %:Sjw\/ﬁwherew — 1 for evenm andw — e/*/* for Oddm,
quasi-orthogonal modulation (QOM). Compared to OM, we aIE '
able to achieve drastically increased bandwidth efficiency wi
little or no loss in power efficiency. A hardware efficient de-
modulator structure using the fast Walsh transforms (FWT) [5]
is also presented. For QOM, k = log, M data bits are used to choose a se-
quence from the set éff quaternary QOSs of lengfki = v/ M.
The selected sequence is then transmitted using QPSK mod-

Manuscript received October 28, 2002. The associate editor coordinating fiiaitior . The receiver consists of a chip pulse matched filter
review of this letter and approving it for publication was Dr. O. Sunay. This work
was supported by the HY-SDR Research Center at Hanyang University, Seoul, thirg property called thevindow propertyis also included in [1] which

Korea, under the I_TRC Program of MIC, Korga. 'I_'hiS paper was prgsented Bces an upper bound on the absolute value op#réal correlation between
part at the 12th Joint Conference on Communications and Information (JC hyfi in F but not in2W,,, and any2w; in 2W,,,.

i . Choun wer i Unvesy o o, San i, 1LY hande condir () Wl | < ¥ then educes o,
on leave from the Division of Electrical and Computer Engineering, Pohart )ég:, 2Wy quh that R > VN 1”“Th dition (b
University of Science and Technology (POSTECH), Pohang 790-784, Korlmeliseesqtl#gt]the éoerrelati’gnSLtl)the?n gﬁzwﬂ/\/lo_cjistfnc[t s]e u:f]’c%ghl)flg E)e)
(e-mail: cheun@postech.ac.kr). P I ible whil d iﬁ'y W a

K. Yang is with the Division of Electrical and Computer Engineering, Pohan@)sasma aS.pOSSI e W lle not re u? gto
University of Science and Technology (POSTECH), Pohang 790-784, Korea. °For details on deriving the masking sequences, refer to [1].

Digital Object Identifier 10.1109/LCOMM.2003.813821 4QPSK modulation of chigf(r) is assumed to be given (™).

. INTRODUCTION

‘It was shown in [1] that a set of quaternary QOSs may be
constructed based on an appropriate permutatidraofily .A

asking sequengdor ¥, and®, denotes elementwise addi-
ion in Z,. The masking sequences fif = 4, 8, 16, and32

I1l. SYSTEM MODEL
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