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Abstract—In traditional BFSK, two distinct carrier frequencies  equal to the traditional BFSK carrier frequency, while the en-
are used to represent binary ‘1’ and binary ‘0". In this paper, we  velope takes on a carrier interferometry pattern. Hence, this

propose transmitting multiple, orthogonal, in-phase sub-carriers 46| FSK system is refered to as Carrier Interferometry/FSK
around two carrier frequencies to represent the binary informa- (CIFSK)

tion. We demonstrate that this technique is spectrally efficient ) ]
when compared to traditional BFSK. Performance and data rate In this paper, we first demonstrate that CI/FSK has spec-

benefits are also demonstrated in both non-coherent and novel co-tral efficiency comparable to that of FM (frequency modula-
herent reception techniques. Moreover, while traditional BFSK tion) with a sinc{) modulating waveform, and hence can sup-

is not employed in channels that are frequency selective, we show . . ' . .
that with coherent reception, the new FSK scheme can be used in port higher data rates in a given bandwidth relative to BFSK.

frequency selective channels to exploit frequency diversity bene- We then analyze the crest factor [5] of the transmitted signal
fits. and prove that the non-constant envelope is not a concern in

CI/FSK. In fact, the crest factor of the CI/FSK signal, when
considering all bit transmissions, is shown to be equal to that of
I. INTRODUCTION a single sine wave.
REQUENCY shift keying (FSK) is a modulation technique With respect to BER performance, the CI/FSK system with
of great practical importance. It is commonly used whemon-coherent detection is shown to provide a 2-3 dB gain (in a
ever the hardware simplicity of the receiver is of utmost impoftat fading channel) relative to traditional BFSK. Performance
tance[1]. Recently, FSK has gained popularity with its adoptigsenefits are available in CI/FSK even when its data rate is in-
in the Bluetooth standard [2]. Bluetooth technology represergased beyond that of traditional BFSK. We also introduce a
a new universal radio interface that enables electronic deviggs/el coherent receiver that enables the use of CI/FSK in fre-
to communicate via short-range connections [3]. quency selective channels. Specifically, this receiver separates
The selection of FSK for personal area networks (such &g multiple subcarrier components of the CI/FSK signal and
Bluetooth) was motivated by a number of considerations. Notien recombines them to create the decision variable. The per-
coherent FSK receivers can be designed with ease and caridpgance results show that CI/FSK provides a very good BER
implemented in a cost-effective manner. Since most FSK mqgkrformance by exploiting the available frequency diversity.

carried by the zero crossings of the signal alone. Hence, F8}{FsK signal and the transmitter. This section also discusses
is robust in systems that have non-linearities due to, .9., ffe bandwidth occupancy of CI/FSK, followed by crest factor

amplifier effects [4]. analysis. Non-coherent and coherent detection schemes are dis-

However, FSK also has significant disadvantages. Since fissed in Section I1l. Performance results are provided in Sec-
BFSK constellation is orthogonal rather than antipodal, it sufipn 1\ and conclusions follow in Section V.

fers from a 3 dB penalty in signal to noise ratio (SNR) for a

given bit error rate (BER) relative to coherent BPSK. Addi-

tionally, the spectral efficiency of FSK can be lower than pass-

band pulse amplitude modulation (PAM) and phase shift key- Il. CI/FSK SIGNALING
ing. Next, since the basic FSK signal is not a linear function

of the data, existing linear equalization techniques cannot fe Frequency Representation

used. Hence, compensation for channel distortion like selective . .
fading is more difficult in FSK. This is a major drawback that In CI/FSK, two non-overlapping frequency bands with cen-

hinders the widespread use of FSK in wireless systems [1]. ter frequencie/. + fa and fe — fq are used to convey bi-

In this paper, we propose an enhancement to binary F§Rryinformation,similar to BFSK. However, unlike BFSK, the

: L I/FSK transmitter send® orthogonal in-phase carriers cen-
BFSK) that provides better spectral efficiency and BER e?—
(BFSK) that p P y P fd around’, + fu (for bit ‘1) or f. — f. (for bit ‘0"). This

formance at high data rates. This technique also makes it e e
g d ‘Ig hown in Figure 1. Two key parameters must be carefully

to employ FSK in frequency selective channels. Specifically, > " ; . .
in traditional BFSK, two distinct carrier frequencies are used pfined:Af, the carrier spacing, anlf, the number of carri-

represent a binary ‘1’ and binary ‘0". In the new system, we uSts. To maintain orthogonality between subcarriers, we select
. 1 _ L . . . . . _
N orthogonal in-phase subcarriers around the two carrier fred = w7, - WhereZ is the bit duration; This frequency spac

uencies. The total transmitted signal has an average freque C”?ate_s overlap between subc_arriers_(not shown @n Figure
q g g a Iﬁ%wmch in turn enhances bandwidth efficiency (as discussed
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Fig. 1. The CI/FSK signal sent for bit ‘0’ (on left) and bit'1’ (on the
right). Each signal is the linear combination§fcarriers.

B. Time Representation
The CI/FSK signal for thé®" bit, a, € {—1,+1}, corre- Fig. 2. Solid line is one CI/FSK signal. Dashed line is a time shifted CI/FSK

sponds to (in the time domain) signal (shifted by a multiple of the bit duratidh,)
al 1
se(t) = A cos(2mfot + ag(2m(i — J)AN1) C. Bandwidth Occupancy

0 fi < NT ) FSK can be understood as frequency modulation (FM) with a

- b carefully selected modulating waveform. The bandwidth of the

where A is a constant that determines symbol energy. Usingdulating waveform determines the total bandwidth of trans-
simple summation rules, the CI/FSK signal can be expressediission.

time according to For traditional BFSK, the modulating waveform is a rectan-
sin (XA f) N gular pulse. Assuming no overlap in the BFSK spectrum, the
sk (t) fi cos (27 (fe + ar—Af)t) minimum bandwidth required to support a data rat&gfs [6]
sin (5Aft) 2
4
0<t<NT (2) BWgrsk =2fa+ 2R, = T (1)
As is evident from (2), the CI/FSK signal does not have a con- b
stant envelope. This signal is shown (over time durafitif,) In CI/FSK, we space the subcarriers usivg = ——. This
) o : . . . ! . . o NI,
in the solid line of Figure 2. This CI/FSK signal can be rewrity|jows an overlap among subcarriers while still maintaining (1)
ten as subcarrier orthogonality and (2) non-overlapping spectrum for
se(t) = A-E(t)cos(2n(f. + arfa)t), ‘1 or ‘0’ transmission. The ability to overlap subcarriers en-

ables CI/FSK to achieve greater bandwidth efficiency. Specif-
ically, to support a data rate dt;, the minimum bandwidth
whereE(t) represents the carrier interferometry envelope paequired is
tern andf; = YAf. 2

Next, {/c\;le canSiécer the transmission of multiple bits from the BWeirsk =2NAf = T, ®)
transmitter. Maintaining consistency with conventional trangs essence, CI/FSK demonstrates the spectral efficiency of FM
mission mechanisms, bit+ 1 is sent as (referring to equa'[ionWith a sinc modulating waveform [6], and hence can support

0<t< NT, (3)

©) higher data rates in a given bandwidth relative to BFSK.
sp+1(t) = A-E(t —Tp)cos (2n(f. + agt1fa)t). Specifically, in a given bandwidth, CI/FSK supports twice
0<t<NT, 4y the data rate relative to traditional BFSK. Also, CI/FSK sup-

ports a 35% increase in data rate relative to the proposed GFSK
This is shown in the dotted line of Figure 2 over duration 0 t Bluetooth [7].

NTy. Since

D. Crest Factor Analysis

One concern regarding the use of CI/FSK is an increased
bit transmissions maintain the required condition of zero I1SI peak-to-average power ratio (PAPR) relative to traditional
the transmitter side, i.es; (t) andsy1 () are orthogonal at the BFSK. This concern arises because, in the time domain
transmitter side. The total transmitted signal for a blockVof [0, NT3], the CI/FSK signal envelope for bi consists of a

NT,
/' Bt — KTy E(t — nTy)dt = 0 (n£k), (5)

bits then corresponds to mainlobe with sidelobe activity (Figure 2). The correspond-
N1 ingly large PAPR threatens to reduce efficiency of the power
s(t) = Z A-E(t — kTy) cos 2n(fe + ar fa)t), amplifier, and increase signal dynamic range (requiring power
o amplifiers with a higher range of linearity).
Ne1l N To measure the signal compactness of the CI/FSK signal, we
= A Z Z cos (27 fot + ag (27 (i — %)Af)(t — kTy)))€mploy the crest factor (CF): for a multi-carrier signét) [5]
k=0 =1
0<t<NT}. ©6) op - M -M" ©)
2E.;y
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whereM T is the largest positive antll ~ is the most negative ~ The coherent CI/FSK receiver operates in a different man-
value ofu(t). Also, E.s; = ||u||2 represents the energyoft), ner. Figure 5 shows the novel coherent receiver for CI/FSK.
i.e., the rms value ofi(t). It is clear from (9) that a sine wave On the bottom branch of this receiver, the received signal is
has a crest factor af/2. projected onto all the carriers constituting a binary 1. This is

Considering a block oV CI/FSK signals over(, NT;] (see followed by a cross carrier combining. The combining weights
equation (6)), the transmitted signal actually consists of a sware chosen to minimize 1SI as well as noise. The outputs of the
of N envelopes. It is easily shown that the sum ofMllen- combiner from the bottom branch is then compared to that of
velopes results in a single sine wave with frequeNcy f. This the top branch, and a decision is made based on these values.
is illustrated in Figure 3. Therefore, the crest factor of the total Assume the transmitted signal of equation (6) is sent over
CI/FSK transmitted signal oved[ NT;] is v/2, equal to thatin a frequency selective (multipath) slow fading channel. Here,
atraditional BFSK signal. That s, even though the CI/FSK sidrequency selectivity corresponds to selectivity over the entire
nal of Figure 2 appears to have a poor CF, the combined sigtransmit bandwidth, but not over each individual carrier making
(considering the envelopes of all the bits) demonstrate the CRugf the CI/FSK symbol. That is, thé" carrier experiences a
a sine wave. Hence, CI/FSK does not suffer from PAPR probrique flat fade characterized by Rayleigh distributed gain
lems that plague other multi-carrier transmission techniquesand phase distortiog;. (This is typical of multi-carrier signals

- see, e.g., the MC-CDMA and OFDM literature [8][9]). In this

: — case, the received signal corresponds to (assuming ideal phase
tracking and removal)

N—-1 N

r(it) = A Z Z a; cos (2w fot + ay(2m(i — %)Af)(t — kTy))
] k=0 i=1

wheren(t) is the additive white Gaussian noise (AWGN). The
fades on theV subcarriers corresponding to a binary ‘1’ are
correlated with one another, and also with the fades omthe

o e ez s s as e o7 el e subcarriers corresponding to a binary ‘0’

We employ the coherent receiver of Figure 5 to deteckthe
bit from the received signal of equation (10). Considering the
bottom branch in the receiver of Figure 5, the received signal
is first decomposed into its subcarriers, where each subcarrier

Il CI/FSK RECEIVERS displays a delay matched to th& bit. Thei*” subcarrier com-

A. Non-Coherent Detection ponent is easily shown to correspond to

The non-coherent receiver in CI/FSK is similar to that em-

N-1
ployed in BFSK and is shown in Figure 4. It consists of two r{ (0) = a;(0)ABk(0) + a;(0)A Y £;(0)p} , + 1:(0)

Fig. 3. Combined CI/FSK Envelope (solid line) in a transmission block

matched filters, matched to the CI/FSK signals corresponding J=0j£k
to a binary 1 and 0. A decision is made based on the relative (12)
output power of the matched filters. This receiver is easy where a;(0) represents the fade on the subcarrier with fre-
implement and is cost efficient. quencyf. — (i — %)Af (i.e., a;(0) matches they; of equa-
tion (10) if a;, = —1, and«;(0) represents a fade correlated
tched e | P with but different from thex; of (10) if ar, = +1); 7;(0) is a
assuming @ =[1 owpw  Gaussian random variable with mean 0 and variarfceAd-
. — """ ditionally, 8; (0) represents the presence of binary data on the
© ) Bece. bottom branch, i.e,3;(0) = 1if a, = —1 andB,(0) = 0 if
ar = 1. The second term represents the ISI due to other infor-
—— 5 mation bits in[0, NT], andp’ , = cos (2miAf(§ Ty — kTp))
oy 2 N represents the cross correlation betweenkftiebit and ;" bit
in theit” carrier.
Fig. 4. Non-coherent receiver for detection of CI/FSK symbols Ther,i terms are combined across carriers to create the deci-
sion variableD(0),
N
B. Coherent Detection D(0) =Y r4(0) - g, (12)
In traditional BFSK, coherent reception also involves the use =1

of two matched filters, matched to the BFSK signals corré similar set of operations performed along the top branch lead
sponding to a binary 1 and 0. Here, these filters make usetofdecision variablé (1) given by

the phase information of the received signal and the decision N

variable is obtained by direct comparison of the matched filter Dy(1) = Z ri(1) -yl (13)
output values (instead of their respective powers). )
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The weightsgy} andy! are determined based on minimum meaaverlap between the bit 0 and bit 1 frequency bands); BFSK
squared error criterion. Wiener filter theory analysis yields tlean also support higher data rates by allowing for overlap be-

following weights:

0

, o
Yo = o - N—ll P\
((a9)203 37550 (5 1)* +02)
1
. s
yi = N ;

((a})203 05, (95 )2 + 02)

whereag = A/4 represents the variance of the Bernoulli di

tributed;’s.

(14)

This novel coherent receiver offers key benefits relative ) )
traditional BFSK. In traditional BFSK, equalization in a fre- Xt Figure 7 represents the BER curves for CI/FSKiin fre-
quency selective channel is a complex procedure because HENCY Selective channels assuming the coherent reception of
FSK signal is not a linear function of the data. However, ifi9ure 5. Specifically, Figure 7 plots CI/FSK performance,
CI/FSK, the frequency selectivity in the entire bandwidth is a@€monstrating the improvement in performance with increas-
tually resolved by the narrow band subcarriers. This enabf@g diversity (the degree of diversity,, is defined as the ra-
the coherent CI/FSK receiver to operate over frequency seld@-Petween the transmission bandwidth per bitX f) and co-
tive channels, and exploit a frequency diversity benefit (in mudgrence bandwidth of the channel {).). This curve shows
the same way as MC-CDMA receivers benefit from frequen&}at CI/FSK exploits d|vers!ty gains and drives performance
diversity gains [10]). This receiver makes CI/FSK better suitédV@Y from the poor flat fading results (and toward the excel-

to wireless multipath channels (relative to BFSK).
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tween bit ‘0’ and bit ‘1’ frequency bands. Figure 6 shows per-
formance curves for BFSK when both 350 kbps are sent, and
when 525 kbps are transmitted. We also plot the performance of
the more efficient GFSK, which can support 518 kbps in a 700
kHz per binary digit bandwidth. The performance curves ver-
ify that gains in throughput due to spectral efficiency of CI/FSK
are available without cost in performance relative to BFSK and
GFSK. When the BFSK scheme attempts to improve through-
put via spectral overlap, its performance is seen to degrade rel-
{;Bive to CI/FSK.

lent AWGN performances). While traditional BFSK is not well

suited for use in a frequency selective channel, CI/FSK offers
excellent BER performance with a simple receiver, making it a
strong candidate for next generation mobile wireless systems.
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Fig. 5. Coherent Receiver in CI/FSK

IV. PERFORMANCERESULTS

Device

V. CONCLUSIONS

In this paper, we first highlighted the importance of FSK in
personal area networks (PANs) such as Bluetooth. We then pre-
sented an innovation in FSK in the form of a multi-carrier im-
plementation. Specifically, the new CI/FSK scheme involves
transmission of multiple orthogonal carriers around two cen-
ter frequencies to represent binary information. This scheme
is spectrally efficient relative to traditional FSK, enabling it to
supportincreased throughputs. Itis also shown that the CI/FSK
signal maintains excellent peak to average power ratio. The
novel coherent receiver designed for CI/FSK makes it suitable
for use in frequency selective channels, with the system benefit-
ing from the available frequency diversity.In short, CI/FSK with
both non-coherent and coherent detection demonstrates excel-
lent BER performance at high data rates in frequency selective
channels; it demonstrates high spectral efficiency, and it offers
a simple means to significantly improve on the existing PAN
(Bluetooth) architectures.
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