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GMSK Modulation for Digital Mobile Radio Telephony
I

mission is currently being studied [ 1] -[ 71 . While digital trans;
mission can surely bring many advantages, some technical
problems must be solved. This paper is concerned with a digital modulation for futuremobile radio communications.
From the viewpoint of mobile radio use, the out-of-band
be generally
radiationpower in the adjacentchannelshould
suppressed 60-80 dB below that in the desired channel. So
as to satisfy this severe requirement, it is necessary to ‘manipulate the RF output signal spectrum. Such a spectrum manipulation cannot usually be performed at the final RF stage in
the multichannel SCPC transceivers because thetransmitted
RFfrequency is varia.ble. Thekefore, intermediate-frequency
(IF)or basebandfilteringwith
frequencyup conversion is
mostly used. However, wben suchaspectrum-manipulated
signal is translated up and passed through a nonlinear class€
power amplifier, the required. sAectrum manipulation should
pot be violated by the nonlinearities. In order to mitigate the
impahments, somenarrow-band digital modulation schemes
with constant or less fluctuated. envelope
property have been
.
researched [ 81 -[ l o ] .
In thispaper,premodulation
Gaussian filteredminimum
shift keying (GMSK) with coherent detection is proposed as
an effective digital modulation for the present purpose, and
its fundamental properties areanalyzedwith
the aid of machine computation.
The
relationship
between
out-of-band
radiation suppression and bit-error-rate (BER) performance is
made clear. Constitution of the modulator and demodulator
is then discussed. The superiority of this modulation is supported by some experimental test results.
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A . Spectrum Manipulation of MSK

Minimum shift keying (MSK), which is binary digital FM
with
a
modulationindex
of 0.5, hasthe
following good
Abstract-Tkis paper is concernedwithdigitalmodulationfor
properties:constant envelope, relatively narrowbandwidth,
.futuremobileradiotelephoneservices.First,thespecificrequireand coherent detection capability [ 1 1 ] -[ 131. However, it
ments on. the digital modulation for mobile radio use are described.
Then, ’ ‘prepiidutation ’ Gaussianfilteredminimum
sh{ft keying
does not satisfy the severe requirements with respect to out(GMSK) dith coherent detection is proposed as an effective digital
of-band radiation for SCPC mobile radio. MSK can be genermodulation ‘for the present purpose, and its fundamental properties
ated by direct FM modulation. As is easily found, the output
are clarihedwith the aid of machine computation. The constitutionof
power spectrum of MSK can be manipulated by using a premodulator ‘and demodulator
. . i s then discussed from the viewpoints of modulation low-pass filter (LPF), keeping the constant enveof thismodulation is
mobile‘radio‘applications.The‘superiority
lope property, as shown in Fig. I . To make the output power
supported by some experimental test results.
spectrumcompact,thepremodulation
LPFshould have the
. .
following properties:
I. INTRODUCTION
1) narrow bandwidthand sharp cutoff
2) lower overshootimpulse response
It is well known that voice transmission in many VHF and
3) preservation of the filter output pulse area which corresUHF mobile radio telephone systems has usually been made
by using a single-channel-per-carrier (SCPC) analog FM trans- ponds to a phase shift nl2.
Condition 1) is needed to suppress the high-frequency commission technique. However, in. order to provide highly secure
voice and/or ‘high-speed data transmission by the use of large- ponents, 2) is to protect against excessive instantaneous frequencydeviation,and
3)isforcoherentdetectionto
be
scale integrated
(LSI) transceivers, digital mobile radio trans. applicable as simple MSK.
Generally, theintroduction
of thepremodulation
LPF
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Fig. 1. Premodulationbaseband-filtered MSK.
,@

pattern-averaged phase-transition trajectory does not deviate
from that of simple MSK.

B. Fundamental Propertiesof GMSK
A Gaussian LPF satisfies all theabovedescribed
characteristics. Consequently, the modified MSK modulation using a
premodulation Gaussian LPF can be expected to be an excellent digital modulationtechniqueforthe
present purpose:
Such a modified MSK is named Gaussian MSK or GMSK in
connection with Gaussian low-pass filtering. Let us nowinvestigate the GMSK modulation from various aspects.
Output PowerSpectrum: Fig. 2shows the machinecomputed results of theoutput power spectrum of the GMSK
signal versus the normalized frequency difference fromthe
carrier center frequency cf - f,)T where the normalized 3 dBdown bandwidth of the premodulation Gaussian LPF B b T is
a parameter. The spectrum forGMSK with Bb T = 0.2 is nearly
equal to that of TFM.
The effective variable parameter BbT can be selected by the
system designer considering overall spectrum efficiency of the
cellular zone structure.
Fig. 3 shows the machinecomputed results of the fractional
power in the desired channel versus the normalized bandwidth
of thepredetection rectangularbandpass filter (BPF) BiT.
Table I shows the occupied bandwidth for the prescribed percentage of power where B b T is also a variable parameter. For
comparison, the occupied bandwidth of TFM is also shown in
Table I.
Fig. 4 shows the machinecomputed results of the ratio of
the out-of-band radiation powerin the adjacentchannel to
the total power in the desired channel where the normalized
channel spacing fsT is taken as the abscissa and both channels
are assumed to have the idealrectangularbandpasscharacteristics with BiT = 1 . The situation of fsT = 1.5 and BiT = 1
corresponds to the case of fs 25 kHz and Bi = 1 6 kHz when
f b = 1/T = 16 kbits/s. From Fig. 4, it is found that the, GMSK
with Bb T = 0.28 can be adopted as the digital modulation for
conventional VHF and UHF SCPC mobile radio com,munications without carrier frequency drift where the ratio of out-ofband radiationpower inthe adjacent channel# to thetotal
powerin the desired channelmust be lowerthan -60 dB.
When a certain amount of carrier frequency drift (for example
A f = k 1.5 kHz) exists, BbT = 0.2 is needed.
BER Performance: Let us now consider thetheoretical
BER performance of GMSK modulation using- coherent detection in the presence of additive white Gaussian noise.
Since the GMSK modulation of interest is a certain kind of
binary digital modulation, its BER performance bound in the
high SNR condition is approximatelyrepresented as
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NORMALIZED BANDWIDTH : BiT

Fig. 3.

where No is the power spectrum density of the additive white
Gaussian noise and erfc( ) is the complementary error func-
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Fig. 5. Normalized minimum signal distance of GMSK.
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Fig. 5 shows the machinecomputed results for dmin of the
GMSK signal versus BbT where
denotesthe signal energy
per bit defined by
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Adjacent channel interference of GMSK.

tion given by

T

:dT

I um(t>1 2 dt = -

1 u,(t> I*

dt.

(4)

In the case BbT + 00, which corresponds to the simple MSK
signal, Fig. 5 yields dmin = 2&b, which is that of antipodal
transmission. It is noticedthatthe
meaningful observation
time interval for the GMSK signd t2 - t l may be made longer
than 2T, which corresponds to that for the simple MSK signal,
due to the intersymbol interference (ISI) effect on the phase
transitions.
into
Substitutingthe machine-computed results of d,i,
(l), the BER performance of the GMSK modulation with
coherent detection is obtained. Fig. 6 shows the performance
degradation of GMSK from antipodal transmission due to the
IS1 effect of the premodulation LPF. This figure shows that
theperformance degradation is small and thattherequired
Eb/No of GMSK with BbT = 0.25 does not exceed more than
0.7 dB compared to that of antipodal transmission.
111. IMPLEMENTATION

A . Modulator
Furthermore, dmin is the minimum
value of the signal distance
d between mark and space in Hilbert space observed during the
time interval from t l to t2 and d is defined by

where u,(t) and u,(t) are the complex signal waveforms corresponding to the mark andthe spacetransmissions,respectively.
While the BER performance bound given by (1) is attained
only when the ideal maximum likelihood detection is adopted,
it gives an approximate solution for the
ideal BER performance of GMSK modulation with coherent detection.

The Simple and easy method is to modulate the frequency
of VCO directly by the use of baseband Gaussian pulse stream,
as shown in Fig. 1. However, thismodulatorhasthe
weak
point that it is difficult to keep the center frequency within
the allowable value under the restriction of maintaining the
linearity and the sensitivity for the r e q ~ e dFM modulation.
Such a weak point can be removed by the use of an elaborate
PLL modulator witha precisely designed transfer characteristics oranorthogonalmodulator
with digital waveform
generators [ 141. Instead of such a modulator, anl2-shift
binary PSK (BPSK) modulator followed by asuitable PLL
phase smoother, as shownin Fig. 7, is considered t o be a
prominent alternativewhere
thetransfer
characteristics of
this PLL are also designed for the output power spectrum to
satisfy the required condition.
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Fig. 8. Orthogonalcoherentdetectorfor
MSK/GMSK. (a) Analog
type. (b) Digital type.

B. Demodulator
Similar to the simple MSK or TFM system, the orthogonal
coherentdetectoris
also applicable forthe GMSK system.
When realizing such an orthogonal coherent detector, one of
the most important and difficult problems is how to recover
the referencecarrierand the timingclock. The mosttypical
method is de Buda's one [ 121. In his method, the reference
camer is recovered by dividing by four the sum of the two
discrete frequencies contained in the frequency doubler output and the timing clock is directly recovered by their difference, Remembering that the action of the well-known Costas
loop as a carrier recovery circuit for BPSK systems is equivalent to thatof a PLL with a frequency doubler [ 151 , de Buda's
method is realized by the equivalent one shown in Fig. 8(a).
This modified method can easily be implemented by conventional digital logic circuits and its configuration is also shown
in Fig. 8(b). In this configuration, two D flip-flops act as the
quadrature product demodulators and both of the ExclusiveOr logic circuits are used for the baseband multipliers. Furthermore, the mutually orthogonal reference carriers are generated
by the use of two D flip-flops, and the VCO center frequency
is then set equal to the four timescarrier center frequency.
This configuration is considered to be especially suitable for
the mobile radio unit which must be simplified, miniaturized,
and economized.
IV. EXPERIMENTS
A . Test System
Fig. 9 shows the block diagram of theexperimentaltest
system where the carrier frequency and the bit rate are f,=
70 MHz and f b = 16 kbits/s, respectively. A pseudonoise (PN)
pulse sequence with a repetition period of N = (2' - 1) bits
is generated by the 15stage feedback shift register (FSR) and
is used as a test pattern signal. After passing through a pre-

FM
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/

A

,

FADING
SIMULATOR

GAUSSIAN
LPF

ATTENUATOR

4
DEM

ERROR RATE
COUNTER

Fig. 9. Block diagram of experimental test system.
modulation Gaussian LPF having a variable bandwidth B b , the
PN sequence is put into the synthesized RF signal generator
having an external FM modulation capability. The frequency
deviation of the RF signal generator is set equal to Af, =
? 4 kHz, whichcorresponds to the MSK conditionforthe
16 kbits/s transmission. Then the GMSK signal of our choice
is obtained as the RF signal generator output, and is transmittedintothe
receiver via the Rayleigh fading simulator
[ 161. Predetection bandpassfilteringin
the receiver is performed by the precisely designed Gaussian bandpasscrystal
filter. The bandpass-filtered output is demodulated by the
digital orthogonalcoherentdetectorshown
in Fig. 8. The
regenerated output is fed into the error-rate counter for the
BER measurement.

B. Power Spectrumand Eye Pattern
Fig. 10 shows the measured power spectra of the RF signal
generatoroutput
when BbT is a variable parameter.It is
clearly seen thatthe measured results agree well with the
machine-computed ones shown in Fig. 2. Moreover, GMSK
with BbT = 0.25 is shown t o satisfy the severe requirements
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IS1 effect causes inferior transmission performance. However,
this misgiving is happily unwarrantedbecause the dernodulator
output of GMSK with B b T = 0.25 degrades only slightly from
that of simple MSK. It is easily foundfrom Fig. 12 which
shows the respective eye patterns measured by the analog-type
orthogonalcoherentdetectorshown
in Fig. 8(a). It is also
certified fromthe
BER performancetestresults
described
later.
C. Static BER Performance

Fig. 10. Measured power spectra of GMSK ( V : 10 dB/div., H : 10
kHz/div.).

of the out-of-band radiation of SCPC mobile radio communications. The corresponding eye pattern measured at the premodulation Gaussian LPF output is shown in Fig. 11. This
figure shows that the above satisfactory performance of the
out-of-band radiation can only be attained by the sacrifice of
introducing severe IS1 effects into the baseband waveform of
the FM modulator input. It might be feared that such a severe

Fig. 13 shows experimental test results for static BER performance in the nonfading environment where the normalized
3 dB-down bandwidth of thepremodulation Gaussian LPF,
BbT, is a variable parameter and the normalized3 dB-down
bandwidth of the predetection Gaussian BPF is BiT E 0.63,
i.e., Bi = 10 kHz for f b = 1/T = 16 kbits/s. The condition
BtT
0.63 is nearly optimum, as shown in Fig. 14. From Fig.
13,performance degradation of GMSK with BbT = 0.25
relative to simple MSK is found to be only 1.0 dB. Moreover,
the measured static BER performance of simple MSK degrades
by 0.7 dB from the theoretical one of ideal antipodal binary
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Fig. 14. Degradation of required Eb/No for obtaining BER of 10-3.
Fig. 12. GMSK eye patternsdemodulated
detector.

by orthogonalcoherent

transmission system. If y' denotes the received signal energythe measured static BER
to-noise density ratio, i.e., Eb/No,
performance in thenonfadingenvironment
can be approximated as
P,(Y) 2 erfc
(5)

(6)

where erfc( ) is the complementary error function
(2) and a is a constant parameter determinedas
0.68

for GMSK with BbT = 0.25

0.85

for simple MSK (BbT-' -).

given by

(6)

The aboveabtained results can be estimated by the degradation of the minimum signal distance shown in Figs. 5 and 6.

D. DynamicBER Performance
Inthe practical V/UHF land mobile radioenvironment,
signal transmission between a fixed base station and a moving
vehicle is usually performed via random multiple propagation
routes. Consequently, fast and deep multipath fading, which
can generally be treated by the well-known Rayleigh fading
model,appears on the received signals of both stations and
degrades the signal transmission performance severely.
In particular, when a quasi-stationary slow Rayleigh fading
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ment, i.e., f D T
same figure.

-+

0, is also shown by the dashed line in the
V. CONCLUSION
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As an effective digital modulationfor mobile radio use,
premodulation Gaussian-filtered minimum shift keying (GMSK)
modulation with coherent detection has been proposed. The
fundamental properties have beenanalyzedwith
the aid of
machine computation. The constitution of modulator and
demodulator has also been discussed. The superiority of this
modulation has been supported by experimental results.
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