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PAPER

Fractionally-Spaced Differential Detection of GFSK

Signals with Small h∗

Sukkyun HONG†, Nonmember and Yong-Hwan LEE††, Regular Member

SUMMARY A digital noncoherent demodulation scheme
is presented for reception of Gaussian frequency shift keying
(GFSK) signals with small modulation index. The proposed dif-
ferential demodulator utilizes oversampled signals to estimate the
symbol timing and to compensate the frequency offset. The per-
formance of the proposed receiver is evaluated in terms of the
bit-error rate (BER). Numerical results show that the proposed
demodulator provides performance comparable to that of con-
ventional baseband differential demodulator, while significantly
reducing the implementation complexity suitable for single chip
integration with direct conversion radio frequency module. Fi-
nally the performance of the proposed receiver is improved by
adding a simple decision feedback module.
key words: GFSK, direct conversion, frequency o�set compen-

sation, di�erential detection, small modulation index

1. Introduction

Recently indoor wireless data communication services
have been looking for applications to multimedia com-
munications at homes and offices [1], [2]. In particu-
lar, the use of wireless links in the ISM band demands
the use of low cost, low power and small size terminals.
Since there are a number of communication services us-
ing the same 2.4GHz ISM band, the use of frequency-
hopped frequency shift keying (FH-FSK) transceivers
are considered as an efficient radio frequency signaling
method [3]. When the bandwidth is strictly limited,
the use of Gaussian FSK (GFSK) schemes with small
modulation index has been considered for many wire-
less applications due to its good spectral efficiency and
low implementation complexity [1], [4].

The GFSK receiver can be implemented using a
heterodyne or direct conversion RF module when it
is applied to the ISM band [5]. The heterodyne RF
scheme translates the received signal into an inter-
mediate frequency (IF) band, which can be realized
by employing band pass filters (BPFs) [5], [6]. There
have been extensive studies on the design of GFSK de-
modulation schemes suitable for heterodyne RF mod-
ule. Such demodulation schemes include the use of
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the limiter-discriminator-integrator detector (LDID)
[7], the limiter-discriminator detector (LDD) [8] and
the differential detector (DD) [9]. On the other hand,
the direct conversion RF module directly translates the
received signal into a baseband one, where high channel
selectivity can be obtained with the use of low pass fil-
ters (LPFs) [5], [6]. The direct conversion RF scheme is
known quite suitable for system-on-chip (SOC) imple-
mentation that integrates the RF circuit and baseband
modules into a single chip [5], [6], [10]. Such receiver
schemes include the use of the baseband differential de-
tector (BDD) [11], the zero-IF zero-crossing counting
detector (ZIFZCD) [12] and the matched filter detec-
tor [13].

Most of previously proposed baseband GFSK de-
modulators are suitable for reception of FSK signals
with medium-to-large modulation index, particularly
MSK signals with a modulation index of 0.5 [11], [12],
[14]. These schemes may not be appropriate for re-
ception of GFSK signals in 2.4GHz ISM band, whose
modulation index is smaller than 0.5. Moreover, few
results have been reported on the performance of these
schemes in the existence of large carrier frequency off-
set. The BDD is known suitable for detection of GFSK
signals with small modulation index in the existence
of large carrier frequency offset [4], [11], [15]. Although
several algorithms were proposed for the BDD to esti-
mate the symbol timing and frequency offset [15]–[18],
they may not be practical mainly due to their intrin-
sic implementation complexity. A feedfoward structure
for joint estimation of frequency offset and symbol tim-
ing was proposed in [15], where oversampled signals
are processed sequentially using delay-and-multiplier,
nonlinearity and N filter banks for the estimation, re-
quiring a considerable amount of processing power. An
improved scheme was proposed in [16] to reduce the
processing power by removing N filter banks, but it
still requires a complicated process for estimation of
the frequency offset. A synchronization algorithm was
proposed to replace the use of the filter banks after the
nonlinearity with the use of autocorrelation function
[17], but it also requires very complicated operations.
The implementation complexity was somewhat reduced
in [18] with the use of closed loop structure and large
look-up table.

In this paper, we propose a GFSK demodulator
suitable for direct conversion RF scheme, which can be
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implemented in a fully digital structure with low im-
plementation complexity. The proposed demodulator
is designed for differential detection of GFSK signals
with small modulation index in the existence of a fair
amount of carrier frequency and timing offset. Since the
proposed demodulator processes the signal at an over-
sampling rate, we will call it fractionally-spaced differ-
ential detector (FSDD). It can jointly estimate the tim-
ing offset and the carrier frequency offset in a fully feed-
forward manner, requiring less processing power than
the previous synchronization schemes. The proposed
FSDD can compensate for the frequency offset by esti-
mating the DC component of the phase difference be-
tween the oversampled signals. It can also estimate the
symbol timing phase offset from the waveform charac-
teristic of the phase difference between the oversampled
signals. The use of oversampled signals can make the
performance similar to that of the conventional BDD.

Following Introduction, the baseband transceiver
model for GFSK signal is described in Sect. 2. The
structure of the proposed FSDD is described in Sect. 3.
The use of a decision feedback module is proposed in
Sect. 4 to improve the performance of the FSDD. The
performance of the proposed scheme is verified by com-
puter simulation in Sect. 5. Finally, conclusions are
summarized in Sect. 6.

2. Baseband System Model

2.1 The Transmitter

We consider the use of a GFSK transmitter, where
a binary sequence {ai}, ai ∈ {−1,+1}, is converted
into non-return-to-zero (NRZ) pulses of duration T
and then shaped by a unit-gain Gaussian shaping fil-
ter whose 3-dB bandwidth is B, where T is the symbol
time interval and BT = 0.5 [1]. The baseband signal
in the transmitter can be represented by

s(t) =

√
2Eb

T
ejφ(t) (1)

where Eb is the energy per bit, j =
√
−1 and φ(t) is

the phase given by

φ(t) = 2πh
∑

i

ai

∫ t−iT

−∞
g(u)du. (2)

Here, h is the modulation index and g(t) is the impulse
response of the Gaussian shaping filter given by

g(t) =
1

2T

{
Q

[
c1

(
t− T

T

)]
−Q

[
c1

(
t

T

)]}

(3)

where and Q(t) =
∫ ∞

t
1√
2π

exp(−τ 2
/
2)dτ and c1 =

2πBT
√

1/ln 2 [19].

2.2 The Receiver

We assume that the transmitted signal passes through
a Gaussian channel whose baseband equivalent impulse
response is hc(t) and that it is corrupted by com-
plex circularly symmetric additive white Gaussian noise
(AWGN) η(t) with a two-side power spectral density of
N0/2. The received signal r(t) is filtered by a Gaus-
sian receiver filter whose baseband equivalent impulse
response is

hr(t) = Brn

√
2e−2π(Brnt)2 (4)

where Brn is the two-sided 3 dB noise bandwidth and
κ = 1/2

√
π/ ln 2 [20]. Note that the two-sided 3-dB

bandwidth Br of the filter is equal to Brn/κ. The fil-
tered output x(t) can be represented as

x(t) = r(t) ∗ hr(t)
= m(t) + ν(t) (5)

where ∗ denotes the convolution process, m(t) is the
user signal term equal to s(t)ej2πfo(t)t ∗ hc(t) ∗ hr(t)
and ν(t) is the noise term equal to η(t) ∗ hr(t) with
variance σ2 = N0Brn. Here fo(t) denotes the carrier
frequency offset. Representing ν(t) ≡ νi(t)+jνq(t) and
m(t) ≡ Am(t)ej[φm(t)+2πfo(t)t], the received signal x(t)
can be represented as

x(t) = Ax(t)ejφx(t) (6)

where

Ax(t) =
√

[νi(t) + Am(t)]2 + ν2
q (t), (7)

φx(t) = φm(t) + 2πfo(t)t + φν(t), (8)

φν(t) = tan−1

[
νq(t)

νi(t) + Am(t)

]
. (9)

2.3 Conventional One-Bit BDD in Direct Conversion
Receiver

The conventional one-bit BDD scheme can make deci-
sion using the test statistic [20]

y(tk+1) = Im{x(tk+1)x∗(tk)}
= Ax(tk+1)Ax(tk) sin[φx(tk+1) − φx(tk)]

(10)

where the superscript ∗ denotes the complex conju-
gate and tk denotes the kth symbol-spaced sampling
instance at the receiver, given by

tk = kT + εkT. (11)

Here εk represents the normalized timing phase offset



3228
IEICE TRANS. COMMUN., VOL.E84–B, NO.12 DECEMBER 2001

Fig. 2 A block diagram of the FSDD with synchronization module.

(a)

(b)

Fig. 1 Receiver architectures for conventional noncoherent dif-
ferential demodulation: (a) Heterodyne receiver and one-bit IF
DD (b) Direct conversion receiver and one-bit baseband DD with
frequency offset compensation.

between the transmitter and the receiver at sampling
time t = kT , 0 ≤ εk < 1.

Since the sign of the phase difference between the
sampling instants is used for making final decision in
the one-bit BDD, it is not necessary to accurately esti-
mate the phase difference of the kth receiving symbol,
∆φx[k] given by

∆φx[k] = φx(tk+1)−φx(tk)
= φx((k+1+εk+1)T )−φx((k+εk)T ). (12)

In the BDD, the frequency offset should be compen-
sated before differential detection, which can be ac-
complished by counter rotation with the use of a large
look-up table for e−j2πfot as shown in Fig. 1.

3. Fractionally-Spaced Differential Detector

3.1 The Proposed Fractionally-Spaced Differential
Detector (FSDD)

A block diagram of the proposed FSDD scheme is de-
picted in Fig. 2, where the received signal is oversam-
pled at a rate of fs

(
= 1

Ts
= M

T

)
and M is the oversam-

pling ratio. The output of the FSDD can be represented
by

y[kM + l] = x[kM + l]x∗[kM + l − 1]
= Ax[kM + l]Ax[kM + l − 1]

· ej(φx[kM+l]−φx[kM+l−1]) (13)

where y[kM + l] denotes y(t) sampled at t = (kM +
l + εkM)Ts, and l is an integer such that 1 ≤ l ≤ M .
Assume that the carrier frequency offset fo(t) and the
timing phase offset ε(t) are unchanged during the cal-
culation, say fo(t) = fo and ε(t) = ε. Then, the phase
difference between the fractionally-spaced samples of
x(t) can be represented as

δφx[kM + l]
≡ φx[kM + l] − φx[kM + l − 1]
= δφm[kM + l] + 2πfoTs + δφν [kM + l] (14)

where δφm[kM + l] = φm[kM + l]−φm[kM + l−1] and
δφν [kM + l] = φν [kM + l] − φν [kM + l − 1].

Since the phase of the transmitted signal φ(t) is
distorted when it passes though hc(t) and hr(t), the
phase of the user signal in the receiver, φm(t), cannot
be represented as (2). Considering this effect, φm(t)
can be represented as

φm(t) = 2πh
∑

i

ai

∫ t−iT

−∞
gr(u, a)du (15)

where gr(t, a) is the impulse response of the shaping fil-
ter representing the effect due to the channel distortion
and data pattern a = [. . . , ai−1, ai, ai+1, . . . ]. Assum-
ing that the bandwidth of the receiver filter is prop-
erly selected under the mild channel condition, gr(t, a)
can be further simplified to g̃r(t) = Ea{gr(t; a)}, where
Ea{x} denotes the expectation of x with respect to a.
It can be shown that

δφm[kM + l]

= 2πh
∑

i

ai

∫ (k+ l
M +ε−i)T

−∞
g̃r(τ )dτ

− 2πh
∑

i

ai

∫ (k+ l−1
M +ε−i)T

−∞
g̃r(τ )dτ

= 2πh
∑

i

ai

∫ (k+ l
M +ε−i)T

(k+ l−1
M +ε−i)T

g̃r(τ )dτ. (16)

Considering the use of g(t) with BT = 0.5, the impulse
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response of g̃r(t) can be neglected for t < −T and t >
2T [21]. Thus, it can be approximated as

δφm[kM + l]

∼= 2πhak

∫ ( l
M +ε)T

( l−1
M +ε)T

g̃r(τ )dτ

+ 2πhak+1

∫ ( l
M +ε)T

( l−1
M +ε)T

g̃r(τ − T )dτ

+ 2πhak−1

∫ ( l
M +ε)T

( l−1
M +ε)T

g̃r(τ + T )dτ . (17)

In the case of perfect timing synchronization, i.e., ε = 0,
the decision variable for the kth receiving symbol is
given by

∆φx[k] =
M∑
l=1

δφx[kM + l]

= φx[(k + 1)M ] − φx[kM ]
= ∆φm[k] + 2πfoTsM + ∆φν [k] (18)

where

∆φm[k] = φm[(k + 1)M ] − φm[kM ]

∼= 2πhak

∫ T

0

g̃r(τ )dτ

+ 2πhak+1

∫ T

0

g̃r(τ − T )dτ

+ 2πhak−1

∫ T

0

g̃r(τ + T )dτ , (19)

∆φν [k] = φν [(k + 1)M ] − φν [kM ]. (20)

Note that the phase difference ∆φm[k] contains the sig-
nal ak and the inter-symbol interference (ISI) term. It
can be easily shown that (18) corresponds to the phase
difference of the one-bit BDD.

3.2 Frequency Offset Compensation

It can be seen from (14) that the frequency offset results
in a DC term in the phase difference. Since δφm[kM+l]
can be modeled as a zero-mean random variable, the
frequency offset can be estimated by

2πf̂oTs = E {δφx[kM + l]} (21)

where E{x} denotes the expectation of x and f̂o denotes
the estimated frequency offset.

We consider the use of a preamble comprised of
alternative binary sequences, 101010・, with period 2T
[1], [2]. Using the phase difference for an interval of
N periods and replacing the expectation with the time
average, the frequency offset can be estimated as

(a)

(b)

Fig. 3 Waveforms of the phase difference when M = 4: (a)
Preamble (b) Random data.

f̂o =
1

4πNMTs

2N−1∑
k=0

M∑
l=1

δφx[kM + l]

= fo +
1

4πNMTs

2N−1∑
k=0

M∑
l=1

δφν [kM + l]. (22)

The frequency offset can be compensated by

δφ̃x[kM + l] = δφx[kM + l] − 2πf̂oTs (23)

where δφ̃x[kM + l] denotes the phase difference after
frequency offset compensation. Figure 3 illustrates the
waveform of the phase difference of alternative binary
and random sequence signals when M = 4. It can be
seen that the phase difference has a shape similar to
binary PAM signals.

3.3 Timing Phase Estimation

Since the shape of the phase difference signal in the
FSDD is similar to that of binary signals, the timing
phase of the phase difference can be estimated by em-
ploying a timing recovery scheme used for binary PAM
signals. There have been proposed a number of schemes
for estimation of the timing phase, including the max-
imum likelihood (ML), the zero crossing tracking, the
spectral line and the DFT method [22]. We consider
the use of the ML estimation method for estimation of
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the timing phase.
Since the noise in the phase difference is not

AWGN, it may not be easy to precisely derive the ML
estimate of the timing phase of the phase difference.
Let δφp[kM + l] be the phase difference of the known
preamble signal. Invoking the minimum squared error
criterion of the ML estimate in AWGN, it can be shown
that the estimate of the timing phase of the phase dif-
ference is obtained by

ε̂ = argmin
ε′

∣∣∣∣∣
2N−1∑
k=0

M∑
l=1(

δφ̃x[kM + l + εM ] − δφp[kM + l + ε′M ]
)2

∣∣∣∣∣
= argmax

ε′

∣∣∣∣∣
2N−1∑
k=0

M∑
l=1

· δφ̃x[kM + l + εM ] · δφp[kM + l + ε′M ]

∣∣∣∣∣
(24)

where 0 ≤ ε′ < 1. However, it may not be practical to
implement (24) since δφ̃x[kM+l+εM ] can be obtained
only after the frequency offset is estimated.

As shown in Fig. 3, the shape of δφp[kM + l +
ε′M ] is similar to that of NRZ pulses of an alternative
sequence. Since it can be approximated as

δφp[kM + l + ε′M ] ∼= sgn (δφp[kM + l + ε′M ]) ,
(25)

ε̂ can be further approximated as

ε̂ ∼=argmax
ε′

∣∣∣∣∣
2N−1∑
k=0

M∑
l=1

δφ̃x[kM + l + εM ]

· sgn (δφp[kM + l + ε′M ])

∣∣∣∣∣
=argmax

ε′

∣∣∣∣∣
∑

k=odd

M∑
l=1

δφ̃x[kM + l + εM − ε′M ]

−
∑

k=even

M∑
l=1

δφ̃x[kM + l + εM − ε′M ]

∣∣∣∣∣
=argmax

ε′

∣∣∣∣∣
∑

k=odd

M∑
l=1

δφx[kM + l + εM − ε′M ]

−
∑

k=even

M∑
l=1

δφx[kM + l + εM − ε′M ]

∣∣∣∣∣
(26)

where sgn(x) denotes the sign function of x. Since
the phase difference is replaced with one before fre-
quency offset compensation, it is possible to jointly esti-
mate the carrier frequency offset and the symbol timing
phase.

3.4 Approximation of Phase Difference

The argument of a complex signal y[kM + l] can
be approximated from Taylor series expression of
tan−1 (yq[kM + l]/yi[kM + l]), where yi[kM + l] and
yq[kM + l] denote the real and the imaginary part of
y[kM + l], respectively. As the oversampling ratio in-
creases, the magnitude of the phase difference between
the two consecutive samples decreases. Thus, it can be
shown that

|δφx[kM + l]| ≤ πh+ 2π |foT |
M

+ |δφv[kM + l]| ,
(27)

∣∣∣∣yq[kM + l]
yi[kM + l]

∣∣∣∣ = |tan (δφx[kM + l])| . (28)

Assuming that M is sufficiently large, h is small
and the frequency offset is moderate, it can be seen
that |yq[kM + l]| � |yi[kM + l]| in the FSDD. Then,
can be approximate by

δφx[kM + l] = tan−1

(
yq[kM + l]
yi[kM + l]

)

∼=
yq[kM + l]
yi[kM + l]

. (29)

This approximation does not require the use of an
accurate automatic gain controller (AGC), which alle-
viates implementation burden of the direct conversion
RF scheme. Since the phase difference between the
M -times oversampled signals is one Mth of the phase
difference between the symbols, it can be assumed that
yi[kM + l] ≈ cos (δφx[kM + l]) ≈ 1 provided that the
AGC maintains |y[kM + l]| ≈ 1. Noting that, when
|a| ≈ 1,

1
a

=
∞∑

i=0

(1 − a)i

∼= 1 + (1 − a) = 2 − a, (30)

(29) can be further approximated as

δφx[kM + l] ∼= yq[kM + l] (2 − yi[kM + l]) (31)

which does not need a division process.

4. Performance Improvement Using Decision
Feedback

The spectral efficiency of the GFSK signal can be im-
proved by using a shaping filter g(t) with a small BT .
However, the use of a conventional one-bit DD scheme
may not be suitable for reception of GFSK signals with
small modulation index [22]. The use of g(t) with
BT = 0.5 can be a compromised practical choice [1],



HONG and LEE: FRACTIONALLY-SPACED DIFFERENTIAL DETECTION OF GFSK SIGNALS WITH SMALL h
3231

Fig. 4 The proposed FSDD structure with decision feedback.

but it still results in measurable performance degrada-
tion. This problem can be alleviated by employing a
simple decision feedback (DF) scheme.

Since the GFSK signal s(t) is a partial response
signal having inherent ISI, the received signal can be
decomposed into the data term, the ISI term and the
noise term. Assuming that the received phase shaping
g̃r(t) and the data ak−1 and ak+1 are known, the data
ak can be more accurately detected by removing the
ISI term. Letting

θn ≡ 2πh
∫ (n+1)T

nT

g̃r(τ )dτ, (32)

the decision variable ∆φ̃x[k] can be approximated as

∆φ̃x[k] =
M∑
l=1

δφ̃x[kM + l]

= ∆φm[k] + 2π(fo − f̂o)T + ∆φν [k]
∼= akθ0 + ak+1θ1 + ak−1θ−1

+ 2π(fo − f̂o)T + ∆φν [k] (33)

where ∆φm[k] ∼= akθ0 + ak+1θ1 + ak−1θ−1.
In the conventional one-bit BDD, the minimum

phase distance between ak = +1 and ak = −1 is equal
to 2(θ0 − θ1 − θ−1). Provided that ak+1 and ak−1 are
known, the minimum phase distance between ak = +1
and ak = −1 becomes 2θ0. The use of a sequence detec-
tor can provide improved detection performance, but it
requires for increased implementation complexity. We
consider the use of a DF scheme to obtain performance
improvement.

When a conventional DF scheme in [21] is em-
ployed, only the phase term of the previous symbols can
be removed. The received phase with decision feedback,
∆φ̂x[k], is given by

∆φ̂x[k] = ∆φ̃x[k] − âk−1θ−1

∼= akθ0 + ak+1θ1 + (ak−1 − âk−1)θ−1

+2π(fo − f̂o)T + ∆φν [k] (34)

where âk−i denotes the decoded data at t = (k − i)T .
If âk−1 is correctly decoded, i.e., âk−1 = ak−1, the min-
imum phase distance between ak = +1 and ak = −1
becomes 2(θ0 − θ1), which is larger than that of the

conventional one-bit BDD by an amount of 2θ−1.
The FSDD can employ the DF module in a seam-

less manner unlike the conventional BDD, as shown in
Fig. 4. The phase difference is accumulated with an ini-
tial value of zero without the use of the feedback, but it
needs to be accumulated with an initial value depend-
ing upon the previous received symbol with the use of
the feedback. That is, the initial value is set to +θ−1

if âk−1 = −1 and −θ−1 if âk−1 = +1.

5. Performance Evaluation

To evaluate the performance of the proposed FSDD, we
consider transmission of GFSK signal at a symbol rate
of 1 Mbaud using g(t) with BT = 0.5 over 2.4GHz
ISM band. Commercial applications recommend the
use of oscillators with an inaccuracy of less than 20 ppm
[1], but some cases may consider the use of ones with
an inaccuracy of up to 50 ppm [2]. We consider the
use of an oscillator with 20 ppm or 50 ppm inaccuracy,
resulting in a normalized frequency offset foT of up to
±0.1 or ±0.25, respectively.

Since the conventional BDD is assumed to per-
fectly compensate the frequency offset by counter ro-
tation, its performance is mainly degraded due to the
ISI introduced by the Gaussian receiver filter. The fil-
ter bandwidth is one of major factors affecting the BDD
performance. Figure 5 depicts the BER performance of
the conventional BDD when the normalized frequency
offset foT is set to a value of 0, 0.1 and 0.25. It can be
seen that the use of BrT = 1.2 is optimum in a prac-
tical range of frequency offset. The use of BrT = 1.2
is assumed in the following simulation unless specified
otherwise. Note that, if the bandwidth of the filter is
not sufficiently large (i.e., BrT is small), the received
signal can suffer from severe ISI. In this case, it can
happen that the BER performance become worse al-
though the frequency offset decreases. As an example,
it can be seen in Fig. 5(a) that the BER performance
with foT = 0.25 is slightly better than that with no
frequency offset when BrT = 0.6.

The FSDD needs to accurately calculate the phase
difference between the oversampled signals to obtain
the same performance as that of the BDD. To jus-
tify the use of the proposed approximation for phase
difference calculation, the required Eb/N0 is compared
in terms of the normalized frequency offset foT when
h = 0.32 and h = 0.50, M = 4 and BrT = 1.2. It
is assumed that the frequency offset can be accurately
estimated using a preamble with a sufficient length. In
practice, the frequency offset can be estimated without
noticeable performance degradation by using a pream-
ble with a length larger than 4 bits. It can be seen
in Fig. 6 that the FSDD with perfect phase calcula-
tion can provide the same BER performance as the
BDD, and that the FSDD with approximation (31) re-
sults in performance degradation less than 0.3 dB when
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(a)

(b)

Fig. 5 BER performance of the conventional BDD due to the
receiver filter bandwidth: (a) When h = 0.32 and Eb/N0 =
17.5 dB (b) When h = 0.50 and Eb/N0 = 14 dB.

Fig. 6 BER performance of the proposed FSDD.

h = 0.32 and |foT | ≤ 0.10. Notice that the perfor-
mance degradation becomes larger as h increases due
to the increased approximation error. However, it can

Fig. 7 The required Eb/N0 by the proposed FSDD to achieve
10−3 BER.

Fig. 8 The required Eb/N0 to achieve 10−3 BER with the use
of approximation (31).

be seen in Figs. 6 and 7 that there is no measurable
performance degradation using (29), when h = 0.32
and |foT | ≤ 0.25.

The performance degradation due to the use of the
approximation for the phase difference calculation can
be reduced by increasing the oversampling ratio M .
Figure 8 depicts the required Eb/N0 with the use of
(31) to achieve a BER of 10−3 for different values of M
when h = 0.32. It can be seen that the use of M = 4 can
provide receiver performance with only a fractional dB
worse than the conventional BDD unless the frequency
offset is too large. Since the approximation error is ac-
cumulated over one symbol time interval, it is possible
to improve the performance only when the approxima-
tion error decreases faster than at a rate of 1/M . As
a result, the use of M ≥ 8 may not provide significant
performance improvement.

Figure 9 depicts the performance of the FSDD with
the proposed DF module. It can be seen that the per-
formance of FSDD with the DF module and the ap-
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Fig. 9 BER performance of FSDD with decision feedback.

proximation (31) is better than that of BDD at least
by 0.8 dB at 10−3 BER when |foT | ≤ 0.10. It can be
seen that the use of a simple DF module can provide
significant performance improvement of the FSDD with
a small additional implementation complexity.

6. Conclusion

We have proposed a noncoherent GFSK demodulation
scheme that employs a baseband differential detector
applicable to direct conversion RF schemes. The use of
oversampled signals makes it possible to employ a sim-
ple synchronization scheme that can simultaneously es-
timate the symbol timing phase and carrier frequency
offset. Since the proposed demodulator requires very
simple operations, it can be realized into a fully digital
scheme with low complexity, while providing the per-
formance comparable to that of the conventional differ-
ential detector. The implementation complexity can be
further reduced by using an approximate for phase cal-
culation, while providing performance only a fractional
dB worse than the conventional BDD. The proposed
scheme can be further improved by employing a simple
decision feedback module, outperforming the conven-
tional BDD. The proposed GFSK demodulator is quite
suitable for SOC implementation with direct conversion
RF circuit for wireless communications in 2.4GHz ISM
band.
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