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Abstract

For the low power and low cost transceivers, direct sequence spread spectrum frequency-shift keying (DSSS-FSK) is

proposed. A transmitter of the DSSS-FSK signal can be implemented by a simple direct modulation using the phase
locked loop. Since the DSSS-FSK signal has negligible power around the carrier frequency, low cost direct conversion
receiver can be used. Optimum coherent and semi-coherent correlation detection methods for the DSSS-FSK signal are
proposed and analyzed. Segmented semi-coherent correlation detection method is proposed to improve the bit error rate

performance in the large carrier frequency offset.

Keywords : DSSS, FSK, coherent detection, non-coherent detection, carrier frequency offset.

I. Introduction

Owing to its low implementation cost and high
power efficiency, frequency shift keying (FSK) is still
widely used in simple and low cost wireless
communication systems. The FSK signals can easily
be generated by a simple direct modulation using the
phase locked loop (PLL), which eliminates the phase
and amplitude mismatch in I/Q modulator. For the

receiver, both the simple non—coherent detection and
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high performance coherent detection methods are
used. And, since the FSK signal has negligible power
direct conversion
receiver (DCR) can be used. DCR eliminates external
filters and enables to single chip integration.

around the carrier frequency,

In this paper, direct sequence spread spectrum
(DSSS) of FSK signal (DSSS-FSK) is proposed for
a system operating in industrial science and medical
(ISM) band. Optimum coherent and semi-coherent
correlation detection methods for the DSSS-FSK
In addition,

segmented semi-coherent correlation detection method

signal are proposed and analyzed.

is proposed to reduce the performance degradation

caused by the large carrier frequency offset.
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DSSS-FSK  signal is proposed in Section 1. In
Section III, detection methods for the DSSS-FSK
signal are proposed. These are optimum coherent
detection,
segmented semi-coherent correlation detection. The
bit error rate (BER) performances of the DSSS-FSK
signal with proposed detection methods are evaluated

semi—coherent correlation detection, and

and compared. Section V presents the conclusion.

II. DSSS—FSK Signals

A modulation index of the DSSS-FSK signal must
be greater than 1 to have negligible power around
the carrier frequencym. However, a large modulation
index must not be used to prevent wide power
spectral density (PSD). Furthermore, the modulation
index of the DSSS-FSK signal must be non-integer
in order to maintain the characteristics of signal
spectrum spreading.

A FSK signal is written as

5()=2E,/T, cos(@.t + ¢(t))
=[2E, /T, (cos(p(t))cos ¢ — sin(p(t))sin w,¢)
=2E,/T,(I,(t)cosw,t - Q,(t)sinw,t), nT, <t<(n+1),

$0)=27h'S Lqle~kT) I, = %1

y -

0 ,1<0
q(t)=41/2-4/T,,0<¢ <1, (D
12 t>T,
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Since the phase smoothing response q(t) is egual
to 1/2 after t=Tp, the phase of the carrier is then
written as

2)

¢ (nTy) = mmh, m: integer

where h denotes the modulation index. If h is a
integer, the phase transition during the 7T, interval
becomes equal to the multiples of 7. Hence, I z(%)
in (1) becomes a sinusoidal wave such that the half
of the signal power is concentrated in the carrier.
Taking these into account, 15 is chosen as the
optimum modulation index of the DSSS-FSK signal.
By the half integer part in the modulation index, the
phase of the carrier is equal to 0 or 7 at every 27}
such that a demodulator can be simplified.

Let us take DSSS-FSK example spreaded using
11-chip Barker code, which is written as

s(t)=\2E,/T, cos(.t +¢,(1))
s.(t)=27h i (a,,ilzoob(i)q(t—nl}, ~i7;)} a, =+l

nT},<t<(n+1)T,,

n=-—oo

0 <0
' q(t)=[1/2~t/Tc,0<t<Tc 3)
/2 ¢>T,

where b(i) is the i-th component of 11-chip Barker
code [(1 1 -1-11-1-1-1111] T. denotes the
chip period, and is equal to T/11. The PSD of the
DSSS-FSK signal is shown in Fig. 1. In order to
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DSSS-FSK A& 2| PSD.

PSD of the DSSS-FSK signal.
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calculate the PSD, the method proposed by Anderson
and Salz is used. Note that the bandwidth of the
DSSS-FSK signal is 11 times wider than that of the
non-DSSS FSK signal.

TI. Receivers for the DSSS—FSK Signals

The proposed DSSS-FSK signal is orthogonal in
Ts, which can be shown as below.

j:mcos(“’ct“"‘éf(t»' IZEb/Tb cos(a)ct+¢j (t))dt
= E,/T, [ coslp,(0)-4, (i

=E,/T, | or” cos[27r[2hib(i)q(t —kT, )Ddt
=E, [T, J: cos{67 6(0)g(t )Yt

=E,/T, I: cos(x 6 q(e )t = 0. @

The phase of the DSSS-FSK signal at =mT»

(meinteger) is kx/2,(k:interger) since the phase
transition during 7% for this particular example is
equal to +37/2.

The optimum coherent detection of the DSSS-FSK

is the Viterbi
]

signal algorithm based sequence

detection’™. Note that it is complex. However, it

should be noted that the phase of the DSSS-FSK
signal at =2mT» is always /An, which enables the
use of simple matched filter of 27T, period for
optimum coherent detection of the DSSS-FSK signal.
This is very analogous to the symbol matched

filtering in GMSK”, The optimum  coherent
correlation detection of 275 period for the DSSS-FSK
signal i1s shown in Fg 2 In Fg 2

¢ {D,(4,70,1) denotes the modulated signal’s
phase of consecutive 2 bit data {ij}. Since the
DSSS-FSK signal is orthogonal in 7T, which is
described in (4), the BER performance is identical to
that of the optimum coherent detection of the FSK
signal.

In general, a coherent detection has a better BER
performance than that of the non-coherent detections.
However, the BER performance of the coherent
detection is greatly dependent on the accuracy of the
carrier phase synchronization scheme. This requires
that the coherent
processing power and hardware complexity. The

receiver maintains increased
phase noise, caused by oscillators and frequency
synthesizers, and Doppler spread, may increase the
time. On the hand,

non-coherent detection methods do not require a

synchronization other

v

cos(27f, + (1))

21, ) -\E
> Max.
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E— 00’ |— 5
cosrf.t+4,(t)) ' cos(2f. + gy (t) Es| g — o1 a
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Fig. 2. Block diagram of simple optimum coherent correlation detection of the DSSS-FSK signal, Matched filtering is

done during 2Tb period.
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Therefore, the

achievement of the simple and low-power receivers

carrier phase recovery scheme.

is possible. For the semi-coherent correlation

detection, the phase cancellation is added to the
coherent detection of the DSSS-FSK signal[5’6]. It is
written as:

Output of semi-coherent

correlation detection = Maz. { C; 4,5 =0,1}

where

C; = J " s(t)- cos(w, + R0 ]2
| " 5(t)-cos(w,t + 4, (t)}z’t)2
+(] " 5(¢)-sin(w,¢ + g, ()t )2

+ U ;Tb s(¢)-sin(w ¢ + ¢, (t )it )2 5)

The BER performance is identical to that of the
semi-coherent correlation detection of the non-DSSS

»X)

COS(-’-’H‘J + o (’ ))

»(X)

sin(271.2 + gy ¢))
X

o,

cos(27yfct +4, (t))

FSK signals.
however, the BER performances of both coherent and

In large carrier frequency offset,

semi-coherent detections are severely degraded”.
However, the semi-coherent correlation detection of
the DSSS-FSK signal can have the better BER
performance than the semi-coherent correlation
detection of the non-DSSS FSK signal. While the
matched filter of the non-DSSS FSK signal requires
T, for the orthogonality, the DSSS-FSK signal needs
only 7. Because matched filtering time of the
DSSS-FSK signals is in the order of 7, which is
much shorter than T3, the transient phase change
during this time by the carrier frequency offset is
much smaller. In this paper, we propose a segmented
matched filtering in 2T«=27Tv/11)

segmented semi-coherent correlation detection is

period. The

shown in Fig. 3 and written as:

Output of segmented semi-coherent

correlation detection = Maz. { C,, ; 4,7 = 0,1}

»X)

gLEde

Max. A

cos(27gfct +¢, (t)) Sin(Zﬂ]: %t(\'" $ (t )) X
46,3 =1{0,01,{0,1},

{1,03,{1,1}

o,

cos(2nf,t + ¢y, (1))

X > .[21'C
'\T/

selection

271 fsliM sl Zlck,
Fig. 3.
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Block diagram of segmented semi—coherent correlation detection of the DSSS-FSK signal. Matched fittering is

done during 2Tc¢ period that is then summed up o get correlation value for 2hit.
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is the theoretical result of semi—coherent correlation detection of non-DSSS FSK and DSSS-FSK signais. Note
2Tc-based segmented correfation detection (rectangle for 0% carrier frequency offset and cross for 50% carrier
frequency offset) gives much better BER performance than the semi-coherent correlation detection of 2Tb
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Fig. 4.
period {open circle for 50% carrier frequency offset).
where

10 (I:f;);]z?/ns(t) cos(a)ct + ¢ij (t)},it )2
C.=
{12y o]

k27,1
IV. Numerical Results

Fig. 4 shows the BER performances of proposed
detection methods for the DSSS-FSK signal in
AWGN channel. The coherent correlation detection of
the DSSS-FSK signal has the same performance as
the non-DSSS FSK signals as it should do. Same is
true for the semi-coherent correlation detection

methods for the zero carrier frequency offset. In Fig.

(265)

4, it is shown that when there is 5096 carrier
frequency offset over data rate, the segmented
semi—coherent correlation detection has better BER
performance than the
detection of 27T, period.

semi—coherent correlation

V. Conclusion

In this paper, the DSSS-FSK modulation has been
proposed for the low power and low cost
transceivers. The DSSS-FSK modulation makes it
possible to use a simple direct modulation with PLL,
and DCR.

It has also been proposed optimum coherent and
semi-coherent correlation detection methods for the
DSSS-FSK signal. It has been shown that the BER
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performances of the coherent detection and the
semi-coherent correlation detection methods of the
DSSS-FSK  signal are identical to those of the
non-DSSS FSK signals. Simulation result has shown
that the segmented semi-coherent correlation
detection has better BER performance than the
semi—coherent correlation detection of 27, period at
large carrier frequency offset.
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