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Abstract— Most Bluetooth implementations focus on architec-
ture, routing protocols, encryption, and performance evaluation
of the network. This paper provides a brief description of the
Bluetooth standard including the physical layer. It focuses on de-
veloping MatLab/Simulink models for the Bluetooth transceivers
utilizing different modulation schemes and the performance
evaluation of these models. Different pulse shaping waveforms
are utilized in our Matlab/Simulink Bluetooth models. The
performance of our Bluetooth transceiver models with AWGN
channel is evaluated by means of the BER.

1. INTRODUCTION

Recently, the increasing demand for wireless communi-
cation systems has elevated the employment of advanced
modulation schemes to explore their advantages and perfor-
mance. The leading concerns of modern digital modulation
techniques are to achieve modulation with power spectrum
of acceptable bandwidth, to generate a modulated signal with
constant amplitude and to attain minimum Bit Error Rates
(BER) [11, [2], [3], [4].

In this paper, we consider the Bluetooth as an example
of wireless communication systems. Our focus goes to the
Bluetooth physical layer which concerns the modulation is-
sue. Consequently, we examine several advanced modulation
schemes namely: Gaussian Frequency Shift Keying (GFSK),
7 /4 shifted Differential Quadrature Phase Shift Keying (/4
DQPSK) , and 7/8 shifted Differential Eight Phase Shift
Keying (/8 D8PSK) from the perspectives of BER, spectral
efficiency, and hardware complexity. In addition, the physical
layer model developed in this paper is a basic step in Soft-
ware Defined Radio (SDR) implementation of the bluetooth
transceiver.

The rest of the paper is organized as follows: Section II
describes prior research efforts related to this work. Section III
gives an overview of the Bluetooth physical layer and the
Bluetooth transceiver specifications. Section IV describes in
detail the utilized modulation techniques by mathematical
analysis. Section V illustrates the achieved transmission
performance of applying different digital modulation
techniques. Moreover, transmission performance of each
modulation scheme is evaluated and compared with the aid
of the statistical distribution and BER evaluation. Finally,
Section VI summarizes the main contributions of this paper.
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II. RELATED WORK

In this paper we focus on the Bluetooth physical layer
implementation. However, topics such as advanced modulation
schemes, Adaptive Frequency Hopping (AFH), and data rates
are closely related to the Bluetooth physical layer. Therefore,
in this section we review the evolution and state-of-the-art in
the aforementioned topics.

Choi et al. [5] proposed six hardware and software schemes
for area reduction and simple implementation, They designed
a Bluetooth Enhanced Data Rate (EDR) baseband controller
using unified GFSK, 7/4 DQPSK, and D8PSK. The FPGA
implementation was shown to be fully matched with enhanced
data rates of 2Mbps and 3Mbps. But their results show
no BER for the implemented systems. Shuaib et al. [6]
developed several MATLAB/Simulink simulations to evaluate
the performance of Zigbee/IEEE 802.15.4 physical layer. The
simulation results show how the BER versus the SNR values
were affected when varying communication parameters such
as the input data rate, the level of the AWGN power and
number of bits per symbol.

Spill et al. [7] presented techniques for eaves dropping on
Bluetooth data. They showed how packets can be inter-
cepted, un-whitened, and how to decrypt data in the case
of encryption. They obtained the necessary parameters for
calculating the hopping sequence. But, they only studied the
GFSK modulation scheme and without studying other security
modes used in Bluetooth v2.0. Binh et al. [8] investigated
the use of linear and nonlinear phase shaping filtering and
their impacts on Minimum Shift Keying (MSK) modulated
optical signals transmission over optically amplified long haul
communications system. Transmission performance obtained
indicates the resilience of the MSK signals in transmission
over multi-optically amplified multi-spans. But, they only
studied the impact of one pulse shaping on the channel.
Kanna et al. [9] designed MSK modulation technique by
using MATLAB/SIMULINK and showed that the theoretical
maximum bandwidth efficiency of MSK is 2bits/s/H z which
is the same as for QPSK and Offset QPSK (OQPSK) and
confirmed the viability of theoretical approach. They employed
Zigbee technology by OQPSK modulation with half sine pulse
shaping. Morsi et al. [10] examined, estimated and evaluated
the performance of Frequency Hopping (FH) selection kernel,
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Fig. 1. General Block Diagram of a Typical Bluetooth Physical Layer Transceiver.

used in the Bluetooth to implement FH technique, verified
by theoretical analysis and simulation results that compared
to purely random hopping sequences the Bluetooth hopping
sequence offers noticeable residual correlations and periodic
cross-correlations features. But, their results didn’t illustrate
the effect of various modulation methods impact on the
FH. Schiphorst et al. [11] discussed several demodulation
algorithms for Bluetooth GFSK signals. In order to evaluate
the performance of the algorithms, they built a Bluetooth
simulation model. In this model, Bluetooth packets were
generated, transmitted and demodulated by different demodu-
lation algorithms. They tried to combine two different types
of standards, Bluetooth and HiperLAN/2 on one common
hardware platform.

III. BLUETOOTH PHYSICAL/RADIO LAYER

As with any other wireless communication technology,
the main functions of the physical layer are spreading, de-
spreading, modulation and demodulation of the signal. At the
physical layer, Bluetooth operates in the ISM band at 2.4GH =z
with a bandwidth of about 80M H z depending on the country.

What makes bluetooth different from other wireless com-
munication technologies that it divides the ISM band into 79
channels and employs frequency hopping technique with a
fast hop rate of 1.6 K hps to combat interference and fading.
In order to derive a hopping sequence, we utilize a pseudo
random number generator that applies Linear feedback shift
register instead of using master clock and 48 —bit PIN address.
Hence, in our developed Bluetooth transceiver models shown
in Fig.(1) the hopping rate is changed to 160K hps instead
of 1.6 K hps to clearly illustrate the hopping sequence in the
simulation results.

A Gaussian shaped binary FM modulation (GFSK) is ap-
plied to minimize the Bluetooth transceiver complexity. For
EDR, two variants of the PSK modulation schemes namely:
/4 DQPSK and 7/8 D8PSK are utilized. The symbol rate
for all modulation schemes is 1M s/s. The gross air data rates
are 1Mbps, 2Mbps and 3Mbps for GFSK, 7/4 DQPSK and
/8 D8PSK respectively. A slotted channel is applied with a
nominal slot length of 625uSec. For full duplex transmission,
a Time-Division Duplex (TDD) scheme is utilized [12].
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Bluetooth hopping pattern algorithm is implemented by
giving a window of 32 frequencies in the 2.402GHz to
2.483G Hz range. These frequencies are randomly chosen.
Once all the 32 frequencies in that set have been visited once,
a new window of 32 frequencies is selected. This new window
includes 16 of the frequencies previously visited and 16 new
frequencies [13].

IV. METHODOLOGY

In this section, we illustrate our methodology to evaluate
the performance of advanced modulation schemes applied
in a Bluetooth transceiver. First, we present an overview of
the GFSK modulation scheme. Then, we explain the m/4
DQPSK modulation scheme. Finally, we illustrate the /8
D8PSK modulation scheme. The pre-mentioned three mod-
ulation techniques are evaluated using Matlab/Simulink ver.
R2011b (7.13.0.564).

A. GFSK Modulation

GFSK is a kind of Continuous Phase Frequency Shift
Keying (CPFSK) modulation technique originated from FSK
which is a well known power efficient modulation scheme with
a constant envelope. Since the modulated signal has constant
amplitude (constant envelop), an efficient RF amplifier of
class C can be used to minimize power consumption, an
important consideration for battery-powered units. However,
the bandwidth requirement of FSK significantly increases as
the number of modulating symbols increases. Therefore, in
modern Bluetooth low data-rate applications, GFSK modula-
tion employs the Gaussian function as a pulse shaping filter
to reduce transmission bandwidth.
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Fig. 2. GFSK Modulator.



Figure(2) illustrates the GFSK modulation wherein the input
data rate of 1Mbps, which is represented by its equivalent
Non-Return to Zero (NRZ) data stream: z(t), is applied to
the Gaussian filter: h(t). This filter is characterized with
a Bandwidth Time product BT = 0.5. The output of the
Gaussian filter is then applied to an integrator which converts
the amplitude levels to phase changes. Then, it applied to
a Quadrature Frequency Synthesizer which generates the In-
phase and Quadrature complex baseband signals (I, Q). In
order to exploit the maximum available channel bandwidth,
the gain of the integrator varies the modulation index [ in the
range 0.28 — 0.35 [14].

The (I, Q) signals are then up-converted to the IF frequency
band as indicated in Eq.(1) and Eq.(2). Thus, to convert it to
the constant envelop representation we represent the signals
in complex envelop representation and select positive pre-
envelop. The output of the GFSK modulator is applied to the
AFH sub system followed by the RF frequency up-conversion.
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Equation(2) gives the phase modulation () process where («;)
is the NRZ binary data sequence.
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In the receiver path, we use differential decoding scheme
by Least Squares/Maximum Likelihood methods to demod-
ulate the received GFSK signals utilizing the discrete time

quadricorrelator as shown in Fig.(3) [15].

1/0

Delay

Delay

Fig. 3.  GFSK Demodulator Utilizing Discrete Time Quadricorrelator.

B. w/4 DQPSK Modulation

PSK systems represent the transmitted data signal by vary-
ing the phase of a fixed frequency carrier. DPSK is a special
scheme of PSK modulation techniques which is significantly
reduce the hardware complexity. Since the DPSK is a non
coherent scheme, it does not require carrier recovery circuit.
DPSK also reduces the adversary effect of the fading channel.
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Fig. 4. 7/4 DQPSK Modulator.

In the other hand , it produces more erroneous demodulations.

Figure(4) illustrates the 7/4 DQPSK modulation for an
input of data rate of 2Mbps, which is represented by its
equivalent NRZ data stream (ar). The NRZ data stream is
applied to a Serial to Parallel (S/P) converter. The output of the
S/P converter (I, Q) are then applied to a differential encoder
that encodes I(t) and Q(t) into signals u(t) and v(t) according
to Eq.(3) and Eq.(4). The output of the differential encoder is
represented by dual constellation diagram that shows the two
separate constellations with identical Gray coding but rotated
by 45° with respect to each other as shown in Fig.(5a) [16].
One of the main properties of the (u, v) signals represented by
the constellation diagram in Fig.(5a) that it does not have any
paths through the origin. Consequently, the maximum phase
shift is reduced to 135° which leads to a lower dynamic range
of fluctuations.

(Ve—1Qk) 3)
v = (up—11x) + (vp—1Qk) “4)

All physical channel mediums have limited bandwidth.
Thus, utilizing Rectangular (Rect) pulse as a pulse shaping
will lead to distortion in both signal amplitude and phase
which is called Inter Symbol Interference (ISI). Hence, in our
/4 DQPSK model the signals u(t) and v(t) are applied to a
Square Root Raised Cosine filter (SRRC) filter with a roll-off
factor a = 0.4, and an impulse response according to: Eq.(4).
This results in a continuous phase and bandwidth-efficient
modulation. On the other hand, it is much more sensitive to
channel fluctuations (Envelope Fluctuation).

up = (ug—11) —

Lo COS ((1+;<)m) i rmsm ((1+;)m)
hit) = —= — 5)
m 1 (42t)?

Equation(6) shows the output of the 7/4 DQPSK modulator
without the SRRC filter.

Sk(t) = ugcos(2mfet) + vpsin(2w fet) (6)

The (I, Q) signals are then up-converted to the IF frequency
band to convert the signals to complex envelop representation
and select positive pre-envelop. The output of the 7/4 DQPSK
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Fig. 5. Standard Signal Constellation Diagrams Generated with Matlab
Simulink: (a) /4 DQPSK, (b) w/8 D8PSK.

modulator is applied to the AFH sub system followed by the
RF frequency up-conversion.

In the receiver path, after applying received phase signals
(I, Q) to SRRC matched filter we use differential decod-
ing scheme. The differential decoder calculates the sign of,
[Tk, Qk, Ix—1, Qr—1] and output the recovered sent data sym-
bols (u,v) as shown in Fig.(6) [15], [17].
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Fig. 6. 7/4 DQPSK Demodulator Utilizing Differential Decoding.

C. /8 D8PSK Modulation

In this section, we present the third modulation scheme
that is utilized in our Bluetooth transceiver which is the 7/8
D8PSK. The standard 8PSK is another special modulation
scheme of the original PSK modulation technique. It mod-
ulates the signal such that every 3bits constitute one symbol.
The standard constellation diagram is generated by shifting the
phase of the symbols 45°. The 8PSK outperforms the QPSK
from the bandwidth efficiency wherein the 8PSK reaches a
data rate of 3Mbps.

In our 7/8 D8PSK model we utilize the same modulation
and demodulation schemes of the 7/4 DQPSK. the main
difference is in the baseband modulator where two separate
constellations with identical Gray coding but rotated by 22.5°
with respect to each other as shown in Fig.(5b) are used.
This maintains the same advantages of the /4 DQPSK
while the 7/8 rotation also stands for simpler non-coherent
detection [5].
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V. EXPERIMENTAL RESULTS

In this section, experimental results concerning the influence
of employing GFSK, 7/4 DQPSK and /8 D8PSK modula-
tion schemes to the performance in terms of BER, spectral
efficiency, and hardware complexity are presented.

First, we examine the effect of the pulse shaping filters

on the time and frequency domain output signals of the
transmitter including the AFH section. Figure(7) illustrates
the outputs of the transmitter IF section utilizing the three
modulation techniques. It clearly demonstrates the hopping
sequence and the envelop fluctuations for the /4 DQPSK and
/8 D8PSK modulation schemes versus the constant envelop
for GFSK modulation scheme.
The envelop fluctuations require semi-linear power amplifier
and that leads to a lower power efficiency. Since, Bluetooth
devices are almost battery powered it is preferred to utilize
the GFSK modulation for low data rate applications.

Figure(8) illustrates power spectrum density for each trans-

mitting pulse shape related to the ideal pulse (Rect NRZ
Pulse).
The BT and « factors are important parameters since they
control the decay of the sinc? tails that affect the BER under
frequency-selective fading environments. Its found that using
SRRC filter with o = 0.4 will have better decay in side-
loop suppressions than Gaussian filter with BT = 0.5 which
leads to better channel selectivity. Therefore, the 7w/4 DQPSK
and 7/8 D8PSK modulation schemes have higher bandwidth
efficiency compared to the GFSK.

Second, In order to examine the the behavior of the signal

constellation under various pulse shaping filters discrete scatter
plots are obtained.
Since, GFSK modulation employs the Gaussian function as
a pulse shaping filter, to reduce transmission bandwidth,
Fig.(9a) and Fig.(9b) illustrates the discrete-time scatter and
phasor (trajectory) plots of the in-phase and quadrature signals
modulated with GFSK at the transmitter side.

Figure(9c) and Fig.(9d) shows the discrete-time scatter and
phasor plots of the in-phase and quadrature signals at the
receiver side that clearly illustrates the impact of utilizing
AWGN channel.

The 7/4 DQPSK and 7/8 D8PSK modulation schemes em-
ploy the SRRC filter as a pulse shaping filter to reduce trans-
mission bandwidth and avoid the ISI. Figure(10) illustrates
scatter plots of the phasor of the in-phase and quadrature
signals at the transmitter side.

It is obvious from Fig.(5) and Fig.(10) that the pulse shaping
filters in general have some side effects on the signal trajectory
transitions as it convert constellation state points to multiple
points and it smooth the edges which do not allow the receiver
to give exact decisions regarding the received symbols.

Finally, the performance of the simulated system, with
different modulation schemes, is determined through the cal-
culation of the BER by Monte Carlo analysis and theoretical
analysis supported by Matlab in which the system BER is
plotted against different bit energy to noise ratio Ej,/Ny. The
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Fig. 7. Transmitter Modulated Waveforms after Applying FHSS: (a) Utilizing GFSK, (b) Utilizing 7 /4 DQPSK, (c) Utilizing 7/8 D8PSK. - Units: Horizontal
Axis Time in Seconds and Vertical Axis Amplitude.
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Fig. 9. Impact of Gaussian Filter on Constellation Diagram: (a) TX Scatter In Fig.(11a) the curve representing ideal CPFSK with 8 =
Plot, (b) TX Signal Trajectory, (c) RX Scatter Plot, (d) RX Signal Trajectory. (.35 modulation scheme BER is traced by theoretical analysis

while the points representing the Bluetooth system using
GFSK modulation technique with/without FHSS are calculated
and traced by the Monte Carlo analysis. In the same man-
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ner, Fig.(11b) shows a BER comparison between theoretical
DQPSK modulation technique and simulation results of our
system while utilizing SRRC pulse shaping filter and /4
DQPSK modulation scheme with/without FHSS. Similarly,
Fig.(11c) compares the BER between theoretical DSPSK
modulation scheme and the simulation results of our system
while employing 7/8 D8PSK modulation method with/without
FHSS.

It is clear from Fig.(11) that the BER of our simulated
system utilizing GFSK, 7/4 DQPSK and 7/8 D8PSK without
FHSS circuitry is closely tracking the theoretical CPFSK with
B = 0.35, the theoretical DQPSK and the theoretical DSPSK
respectively.
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While the BER in case of adding FHSS circuitry to our sim-
ulated system utilizing GFSK, 7/4 DQPSK and 7/8 D8PSK
is getting worse by 3dB, 2.3dB and 3dB with respect to the
theoretical CPFSK with 5 = 0.35, the theoretical DQPSK and
the theoretical DS8PSK respectively. These BER increase are
mainly due to the minor deviation in phase and frequency of
the recovered hopping sequence at the receiver end.

Figure(11d) compares the BER of the simulated system
utilizing the aforementioned digital modulation techniques
with FHSS with respect to each other. It is clear that the best
performance is achieved by 7/4 DQPSK followed by GFSK
with 0.24dB then 7/8 D8PSK gives the worst performance
by 4.6dB form GFSK.



As we mentioned before, FHSS is the main advantage of
the Bluetooth over other wireless communication systems.
While the FHSS positively contribute to the performance in the
Rayleigh fading channel it negatively affects the performance
in the AWGN channel [18].

VI. CONCLUSION

In this paper, we have illustrated the evolution of the

Bluetooth performance under the influence of different digital
modulation schemes. Different pulse shaping waveforms are
utilized in our simulated systems namely; Gaussian and SRRC
filters. The scatter plots confirm the behavior of pulse shaping
filters effects on the time and frequency domain output signals
of the transmitter including the FHSS circuitry. It is found that
utilizing SRRC filter has better decay in side-loop suppressions
than Gaussian filter, which leads to better channel selectivity.
Therefore, the 7/4 DQPSK and w/8 D8PSK modulation
schemes have higher bandwidth efficiency compared to the
GFSK.
The performance of our simulated Bluetooth physical layer
with AWGN channel is evaluated by means of the BER
under the pre-mentioned pulse shapes. It has been proven by
simulation results that 7/4 DQPSK model achieves the best
performance under AWGN channel. While the 7/8 DS8PSK
attains the highest data rate. Moreover, the effect of the FHSS
on the performance in terms of BER is analyzed. The work in
this paper is a first step towards a SDR-based implementation
of the Bluetooth transceiver using Universal Software Radio
Peripheral (USRP) N210 platform.
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