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MINIMUM SHIFT KEYING

The term minimum shift keying (MSK) refers to a binary digi-
tal modulation format. This form of modulation was invented
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in the 1960s, and some variants of MSK have been considered
Figure 1. The relationship between some of the possible interpreta-for usage in large communications systems. In that context,
tions of an MSK signal. MSK is a form of CPFSK, and is equivalentthe most widely known form of MSK is Gaussian MSK
to a form of differentially encoded QPSK scheme.(GMSK), which has been formally selected and standardized

in recent years for usage in the second generation of cellular
systems, as well as in cordless telephony and PCS systems.

quency of the carrier, which is known as frequency modula-The special characteristics of an MSK signal are described
tion (FM). Phase modulation (PM) of the carrier is anotherbelow in nonmathematical terms. A brief history of the evolu-
form of transformation, where the transmitted carriertion of MSK follows, and the current trends in the field are
changes its relative phase according to the message. FM anddiscussed. The idea of modulation is introduced, and a discus-
PM signals are intimately related since phase and frequencysion about some of the MSK concepts is presented. The de-
are related by a time-derivative operation.tailed treatment of MSK and of its variants is then presented,

The MSK modulation format can be interpreted as a spe-along with some discussions about performance and applica-
cial case of many modulation characteristics. These interpre-tions. Advanced topics are covered, such as the applications to
tations are illustrated in Fig. 1. This view is restricted to digi-mobile communications channels (fading channels), and some
tal signals, where a symbol, drawn from a finite set, isgeneralizations of the MSK format and some recent demodu-
transmitted at a given time. The symbols are usually de-lation and synchronization techniques are discussed.
scribed by a finite number of binary digits (bits). The MSK
format can be seen as a binary FM signal, also known as a
binary frequency shift keying (FSK) signal, or as a form ofMODULATION FRAMEWORK
differentially encoded quaternary PM signal, called differen-
tial quaternary phase shift keying (DQPSK). In FSK, eachThe concept of modulation is briefly described here, along

with its more specific forms. Then the MSK format is pre- symbol (representing one bit or a group of bits) to be trans-
mitted is associated to a given frequency, and the carrier issented as a member of different modulation families. The ac-

tion of modulating implies that a message signal, conveying ‘‘keyed’’ according to the given symbol to transmit. In binary
FSK there are two possible frequencies, one for each of thesome form of information, is used to modify another signal, in

such a way that the message can be transmitted under a form two polarities of interest (�1 or �1). Half of the difference
between these two frequencies is referred to as the frequencymore appropriate to the transmission medium. Modulating is

therefore equivalent to transforming a signal into another deviation. A minimum shift keying signal can be interpreted
as a binary FSK signal, in which the frequency deviation isone. In the world of wireless communications, the ‘‘trans-

formed signal’’ is usually an electromagnetic wave which, in equal to one quarter of the rate of bit transmission. This value
is a minimum, in a sense described in a later section, whichthe absence of a modulating signal (the message), is trans-

mitted through the air at a fixed amplitude and frequency. is the reason for the name minimum shift keying.
An MSK signal, when seen as an FSK signal, is character-This unmodulated signal is often called the carrier. In analog

telephony, the carrier is an electric current wave, while in a ized by the fact that the changes in the carrier frequency ac-
cording to the different bits to transmit, is performed in afiber optic network, it is a light wave.

When the carrier is modulated, some of its properties are controlled manner, such that the phase of this carrier does
not experience abrupt transitions at the symbols time bound-changed according to the message, in such a way that these

variations can be interpreted at the receiver as a version of aries. This form of signal is usually referred to as a continu-
ous phase FSK signal (CPFSK). It can be generated by chang-the message. This implies that the action of modulating must

be invertible through a corresponding demodulation. The car- ing the frequency of a single frequency source, according to
the symbols to transmit. Since the same source is used for therier can be modulated in amplitude (AM), which implies that

the power, or the strength, of the carrier is changed according two symbols, the phase is kept continuous from one symbol
transition to the other. The MSK signal, when interpreted asto the message. The message may also modify the basic fre-
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a CPFSK signal, is also a member of the more general class mobile communications, since the mobile channel is such that
the received signal is corrupted by time-varying reflections ofof continuous phase modulated (CPM) signals. In general,

FSK and CPM signals are special cases of nonlinearly modu- the transmitted signal (so-called multipath fading). This cre-
ates amplitude and phase distortion on the received signal,lated signals, that is, the relationship between the modulat-

ing symbols and the modulated signal is nonlinear. (A linear and greatly complicates the precise carrier frequency and
phase estimation.relationship or system is defined as one satisfying both the

superposition and the proportionality criteria.) Another important characteristic of a modulation scheme
for mobile communications is the compactness of its powerWhen the MSK signal is viewed as a DQPSK modulated

signal, it is implied that groups of two bits are associated to spectrum. In view of the fact that ordinary MSK does not
meet the strict spectral requirements of mobile radios, someone of the four phases of a carrier. This form of modulation is

nonlinear, and can be generated by using a nonlinear differ- manipulations of its basic characteristics have been proposed.
Some of these modifications are very effective when the MSKential encoder, followed by a linear QPSK modulator. Note

that a linear modulation scheme is such that the modulating signal is generated by modulating a single frequency source
[a voltage-controlled oscillator (VCO)]. In particular, the addi-symbols are related to the modulated signal through a series

of linear operations. The DQPSK interpretation has a very tion of a prefilter before the VCO removes some of the abrupt
transitions in the data streams, and can produce a powerimportant consequence, in that it leads to a much more effi-

cient demodulation technique than the one implied by the spectrum with smoother characteristics than that of ordinary
MSK. Depending on the form of the prefilter, the spectral oc-FSK interpretation.

An MSK signal is not modified in amplitude (since it is an cupancy of the resulting MSK-type signal may also be lower
than that for straight MSK. Gaussian MSK, in which the pre-FSK signal), which implies that it is a member of the ‘‘con-

stant amplitude’’ family of signals. This characteristic is im- filter impulse response follows a Gaussian function, was in-
troduced by Murota and Hirade (5). This format has attractedportant in wireless applications, where nonlinear power am-

plifiers (class C) are used for the sake of cost reduction and much attention, and GMSK is the member of the MSK family
most used in current communications systems. The Pan-Eu-better power efficiency (which helps to extend the battery life

of the transceivers). The continuous phase of an MSK signal ropean GSM system, the Digital European Cordless Telecom-
munications (DECT) scheme, as well as the DCS 1800 andalso has a great influence on the spectral occupancy of the

modulated signal. Because the two modulating frequencies PCS 1900 systems use this form of modulation (6).
As indicated before, the original MSK format was theare switched in a controlled manner at the symbol transi-

tions, the amount of high frequencies generated in these tran- source of abundant work, and many other variants and tech-
niques have been proposed. The more important conceptssitions is less than for an ordinary FSK signal. This gives a

more compact frequency spectrum, thereby allowing the use have been briefly discussed in this introduction. Some others,
requiring the help of some mathematics, will be mentioned inof more channels in a given frequency band (higher spec-

trum efficiency). the following sections.

BASIC MATHEMATICAL THEORY OF MSK ANDEVOLUTION OF THE MSK FORMAT
GMSK SIGNALS

It is fair to say that the first mathematical treatment of MSK
In this section, minimum shift keying and Gaussian MSK sig-was published by de Buda (1,2), although some related work
nals are mathematically defined and characterized. In so do-can be found in Ref. 3. De Buda introduced the terminology
ing, the concepts of complex baseband signals are utilized. Afast FSK (FFSK), which represents the same format as MSK.
brief review of these basic concepts is given in Appendix 1.The adjective ‘‘fast’’ is used because more bits per second can
The MSK and GMSK signals are described below, in terms ofbe transmitted in a given channel bandwidth, compared with
their time and frequency characteristics. Their demodulationbinary phase shift keying (BPSK) (2).
aspects over an additive white Gaussian noise (AWGN) chan-Due to its constant amplitude, its compact frequency spec-
nel are also covered. These developments over the statictrum, its versatility in terms of demodulation, and its self-
AWGN channel allow a basic understanding of the theory,synchronization characteristics, the MSK format was consid-
and are a good introduction to the more advanced concepts.ered for usage in some of the satellite systems of the 1970s

and the 1980s. In spite of those good characteristics, MSK has
not been used in operational satellite systems, mainly be- Description of MSK Signals
cause these advantages have not been considered sufficient to

As indicated above, an MSK signal can be viewed as a mem-justify the high cost of development of new modulators and
ber of a number of modulation formats. In what follows, thedemodulators, and the replacement of the QPSK systems al-
nonlinear view of MSK is first developed, followed by its lin-ready in operation in most systems (4).
ear counterpart. These different characterizations of MSK areBecause of its continuous phase, MSK can be differentially
useful, not only from the point of view of the signal descrip-detected (it is often called DMSK in this case), and it has been
tion, but also for the derivation and understanding of variousconsidered particularly attractive for land mobile communica-
demodulation structures. Some variants of MSK are dis-tions channels, on both land-only and satellite-based systems.
cussed, among which GMSK is the most prominent.The advantage of DMSK over coherently detected MSK is

that it can be demodulated with a much simpler receiver (a
differential detector), which does not require the precise esti- MSK as a Nonlinear Modulation Scheme. The most general

view of MSK is probably that of CPM. A general class of CPMmation of the carrier phase. This last point is important in
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signals can be defined, using the complex baseband represen- Equation (5) indicates that the MSK signal is also a frequency
modulated signal, with its instantaneous frequency given bytation (7,8)
the carrier frequency plus or minus �� of the bit rate, de-
pending on the transmitted bit. This is also the definition of
a binary FSK signal, with a frequency deviation equal to onevCPM(t) = A exp

[
j2π

∞∑
n=−∞

hnInq(t − nT ) + φ0

]
(1)

quarter of the bit rate. This value is the minimum frequency
separation ( fp � fm) that makes the two MSK complex base-where A is the constant amplitude of the carrier, �hn� is a
band signaling waveforms, vp(t) � exp[j2�f pt] and vm(t) �sequence of modulation indices, �In� is the sequence of symbols
exp[j2�fmt], orthogonal over a symbol interval of length T (8).to transmit, q(t) is the modulation phase response, T is the
Because the phase of the transmitted signal is continuous,symbol interval, and 	0 is an arbitrary initial phase. This ini-
MSK is also a CPFSK format, as indicated in Fig. 1.tial phase is usually set equal to zero in the analysis. In gen-

eral, the sequence �hn� varies in a cyclic manner through a set
MSK as a Linear Modulation Scheme. The offset quadratureof indices. This produces the so-called multi-h type of CPM

PSK (OQPSK) modulation scheme (9) is given mathematicallysignals. For M-ary CPM signals, the symbol sequence �In� is
bydrawn from a set of M real symbols defined as �
1, 
3, . . .,


(M � 1)� (M is normally a power of 2). The symbol rate is
then 1/T symbols/s, and the corresponding bit rate (log2

M)/T bit/s. The phase response q(t) is represented as the inte-
vOQPSK(t) =

∞∑
n=−∞

b2nu(t − 2nT ) + jb2n+1u(t − 2nT − T ) (6)

gral of some frequency pulse g(t),
where bn � ��1, �1� and u(t) is a time-limited pulse on the
interval [�T, T]. Equation (6) represents a two-dimensional
linear modulation scheme, in which the binary symbol streamq(t) =

∫ t

−∞
g(τ ) dτ (2)

is divided in two sets: the even symbols set �b2n�, multiplying
the time-shifted versions of the pulse in the real part of theThe function g(t) is usually a smooth pulse shape over a finite
complex signal, and the odd symbols set �b2n�1�, multiplyingtime interval 0 � t � LT, and zero outside. Its shape governs
the offset (by T) time-shifted pulse in the imaginary part.the smoothness of the carrier phase, over the sequence of
This form of modulation is linear, since the modulating sym-transmitted symbols, and it is usually normalized such that
bols are linearly filtered with the pulse shape. In any symbolq(t) � 1/2 when t � �.
interval, the combination of the binary symbols b2n and b2n�1Minimum shift keying is defined as in Eq. (1), with a con-
into a single complex quaternary symbol bn � jbn�1 producesstant modulation index h, such that
a modulation scheme with four distinct symbols. If u(t) is
equal to one over [�T, T], and zero otherwise, vOQPSK(t) takes
on four distinct values: �1 � j, �1 � j, �1 � j, 1 � j�. The fact
that the imaginary part is offset by T with respect to the real
part implies that there cannot be a phase jump larger than

�/2 from one symbol to the other.

h = 1/2

In ∈ {+1,−1}

g(t) =
{

1/2T for 0 ≤ t ≤ T

0 otherwise

(3)

Consider a pulse shape of the form
MSK is therefore a binary CPM modulation scheme, with the
phase response given by u(t) = cos

�
πt
2T

�
r2T (t) (7)

where r2T(t) is one over the interval [�T, T], and zero other-qMSK(t) =
{

t/2T for 0 ≤ t < T

1/2 for T ≤ t wise. Multiply the sequence of modulating bits �bn� by the al-
ternating sequence �ej�n/2�, and filter with u(t). This gives

The phase of the MSK signal is then (with 	0 � 0)

φMSK(t) =
n−1∑

k=−∞
Ik

π

2
+ π

2
In

� t − nT
T

�
nT ≤ t < (n + 1)T (4)

with In � ��1, �1�. Equation (4) indicates that, at the end of
every bit interval, the phase has been increased or decreased
by �/2, and that within an interval, this phase increases or

vcos(t) =
∞∑

n=−∞
bne jπn/2 cos

[
π(t − nT )

2T

]
r2T (t − nT )

=
∞∑

n=−∞
b2n cos(nπ) cos

[
π(t − 2nT )

2T

]
r2T (t − 2nT )

+ jb2n+1 cos(nπ) sin
[

π(t − 2nT )

2T

]
r2T (t − 2nT − T )

(8)

decreases linearly.
The linear phase increase from bit to bit is the main char- which is of the form of Eq. (6). The phase of vcos(t) is given by

acteristic of an MSK signal. By differentiating the instanta-
neous phase, the instantaneous baseband frequency is ob-
tained as φ(t) = bnbn+1

π(t − nT )

2T
+

n−1∑
k=−∞

bkbk+1
π

2
nT ≤ t < (n + 1)T

Defining

cn = bnbn+1

fMSK(t) = 1
2π

dφMSK

dt

= In

4T
c/s

(5)
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Equation (8) becomes

vcos(t) = exp

{
j

[
n−1∑

k=−∞
ck

π

2
+ π

2
cn

� t − nT
T

�]}

nT ≤ t < (n + 1)T

(9)

The phase of Eq. (9) follows the form of the MSK phase of Eq.
(4), as long as the bits to transmit are differentially encoded
as

bn = Inbn−1 (10)

Then cn � In�1 and MSK can be seen as a differentially en-
coded linear modulation scheme. The linear relationship ex-
ists between vcos(t) and the differentially encoded bits �bn�,
while the In’s are nonlinearly related to vcos(t). The pulse shap-
ing can be interpreted as being performed by half sinusoids
of length 2T, as opposed to that of ordinary OQPSK, which is
performed with a rectangular window (10). Note the subtle
difference in MSK, where the pulse shape is multiplied by
cos(n�) in Eq. (8). When MSK is considered as a form of differ-
entially encoded linear modulation, it is often referred to as
differential MSK (DMSK). Note here that the terminology
used in the literature is not always consistent. The term MSK
has been used by some authors to designate the format of Eq.
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(8), with and without the differential encoding of Eq. (10).
Figure 2. The OQPSK interpretation of an MSK signal, with a sinu-Both forms have a constant envelope, and have the same
soidal pulse shape, for the input sequence In � [1, 1, �1, �1, �1, 1];spectral characteristics, but the use of the differential encod-
n � 0, 1, . . ., 5, and b�1 � 1.

ing is required for the resulting signal to be an FSK signal.
In this article MSK always refers to the definition of Eqs. (1)
and (3) [and therefore always implies differential encoding, if where Ts is the time duration of the complex symbols [in the
a linear modulator following Eq. (8) is used]. With this con- case of Eq. (6), Ts � 2T], U( f) is the Fourier transform of
vention, the term DMSK is therefore redundant. The use of u(t), and �JJ( f) denotes the discrete Fourier transform of the
the term DMSK will therefore be limited to the cases where symbol autocorrelation, that is,
the receivers performs a differential detection of an MSK
signal.

�JJ ( f ) =
∞∑

m=−∞
φJJ(m)e− j2π f mTs

Time and Frequency Characteristics. In the complex plane,
the baseband MSK signal of Eq. (9) evolves on a circle of con-
stant amplitude (the radius of the circle determines the am-
plitude of the transmitted signal), moving by 
�/2 rad from
one binary symbol to the other. The counter clockwise rota-
tion corresponds to cn � �1 and the clockwise excursion corre-
sponds to cn � �1. By looking separately at the real and the
imaginary parts of the baseband signal, the time representa-
tion of Fig. 2 is obtained. As indicated above, this representa-
tion is that of a differentially encoded OQPSK signal, with a
sinusoidal pulse shape. The angular velocity of the complex
signal is always equal to 
�/2T rad/s, corresponding to the
two signaling frequencies of the MSK signal. The phase varia-
tions of a CPM signal are often displayed on a phase tree,
which indicates the possible phase evolutions over time. The
MSK phase tree is illustrated in Fig. 3.

The linear OQPSK interpretation given in Eq. (6) allows
an easy frequency characterization of MSK. For a linear mod-
ulation scheme of this form, the power spectral density (PSD)

–3  /2π

–2

MSKφ

T 2T 3T 4T 5T t

π

– π

–  /2π

  /2π

π

3  /2π

2π

6T

is given by (8)
Figure 3. The phase tree of an MSK signal. The phase variations
are always linear, with variations of 
�/2 from one bit to the other.
The dashed line corresponds to the input sequence In � [1, 1, �1, �1,
�1, 1]; n � 0, 1, . . ., 5.

Plinear( f ) = 1
Ts

|U ( f )|2�JJ ( f ) (11)
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Variants of MSK. Following the introduction of MSK, there
has been a fair amount of research to find ways to increase
the basic MSK spectral efficiency while retaining its constant
envelope property. The general starting point for this re-
search was the linear interpretation of Eq. (8), in which the
pulse shape u(t) was modified, but always limited to be non-
zero over the interval [�T, T]. These modifications were re-
ferred to as MSK-type signaling. Amoroso has proposed a
pulse shape given by u(t) � cos[(�t/2T) � � sin(2�t/T)] (12).
The constant � is varied over [0, 0.5], in order to modify the
fall-off rate of the spectral sidelobes. The case with � � 1/4
was called sinusoidal frequency shift keying (SFSK), and has
an asymptotic spectral decay of �f ��8 (11). Recall that OQPSK
and QPSK have a decay of �f ��2, and that this value is �f ��4 for
MSK. Simon (13) analyzed a general form of pulses for MSK-
type modulations, and proposed u(t) � cos[(�/4)(1 �
cos(�t/T)], for which the asymptotic spectral decay is �f ��6.
Rabzel and Pasupathy considered a general form of pulse, for
which the asymptotic spectral decay is �f ��(4M�4), for M a posi-
tive integer (11). MSK and SFSK are special cases of this
pulse, with M � 0 and M � 1, respectively. Bazin (14) studied

–60
0.0 0.5 1.0 1.5

fT

OQPSK and QPSK
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another general MSK-type pulse shape, from which he pro-
Figure 4. The power spectral density of QPSK, OQPSK, and MSK. posed the format double sine FSK (DSFSK), with u(t) �
The MSK main lobe is larger, but its side lobes fall off more rapidly. cos[(�t/2T) � 1/3 sin(2�t/T) � 1/24 sin(4�t/T)]. The asymp-

totic spectral decay of DSFSK is �f ��12. Other authors have de-
fined new families of MSK-type modulation formats, by opti-
mizing the pulse shape with respect to the amount ofwhere 	JJ(m) � E[J*n Jn�m] is the autocorrelation function of
interference between a given communications channel, andthe complex symbols Jn � bn � jbn�1 (8).
its adjacent neighbors (15–17). More recent results have beenAssuming uncorrelated symbols, the PSD is uniquely re-
obtained in (18), where the pulse shape is allowed to producelated to the Fourier transform of the pulse shape [�JJ( f) � 1].
a certain degree of amplitude modulation in the transmittedFor OQPSK (and for ordinary QPSK), the pulse is rectangular
signal. This form of signal is more an OQPSK-type signalover [�T, T], and the PSD has a sin x/x form given by (8)
than an MSK-type or a CPM one, and its treatment is usually
considered in the context of quadrature phase modulated
signals.POQPSK( f ) = 2T

�sin 2π fT
2π fT

�2

(12)
The MSK format has also been generalized by allowing the

modulating binary symbols of Eq. (8) to take on values other
For MSK, the pulse is given by Eq. (7), and Eq. (11) applies than 
1. This form of modulation was called multi-amplitude
as long as the symbols are uncorrelated. The PSD is (8) MSK (MAMSK) (19). It departs strongly from the constant

amplitude characteristics of MSK and its variants, and
should be viewed more as a quadrature amplitude modulated
(QAM) signal than as an MSK signal (8).

PMSK( f ) = 16T
π2

� cos 2π fT
1 − 16 f 2T2

�2

(13)

Because minimum shift keying is considered a member of
the CPM family, its generalization through the nonlinear in-Note that the expressions of Eqs. (12) and (13) are for unit

amplitude waveforms, and that any value A � 1 implies a terpretation of Eq. (1) links it to a large amount of results and
publications. A good reference presenting the most importantmultiplication by A2 of the PSD.

The PSDs of QPSK, OQPSK, and MSK are compared in aspects of CPM signals is Ref. 7. Gaussian MSK is a CPM
signal, and is a natural extension of MSK.Fig. 4. It is noted that MSK has a larger main lobe, but that

its sidelobes are smaller and decrease faster than for QPSK MSK and Its CPM Relatives. As indicated before, MSK is a
binary FSK format with continuous phase and a modulationand OQPSK. This difference is due to the smoother pulse

shape in MSK. The compactness of the PSK power spectrum index of 0.5. It is defined by Eqs. (1) and (3). Its frequency
pulse g(t) is therefore rectangular over the time interval [0,can be measured by the two-sided bandwidth B99%, containing

99% of the total power. For MSK, B99% � 1.2/T, while for T]. By using nonbinary symbols and a corresponding rectan-
gular pulse g(t) � 1/2Ts over a symbol interval of length Ts,QPSK and OQPSK, B99% � 8/T (10). Another measure of spec-

tral occupancy is the asymptotic rate of spectral decay. For as well as other modulation indices, the class of CPFSK sig-
nals is defined. This form of signal can be conceptually gener-QPSK and OQPSK, this spectral rolloff is proportional to

�f ��2, while for MSK it is �f ��4 (11). These results indicate that ated by driving a controlled frequency source [usually called
a voltage controlled oscillator (VCO)] with the modulatingMSK is more spectrally efficient in wideband applications, but

that if narrowband channels are required, filtered versions of symbol stream. This is illustrated in Fig. 5. Note that the
differential encoding of the modulating bits is not requiredQPSK or OQPSK are preferable (because of their narrower

main lobe). This fact is one of the reasons why filtered QPSK here to produce a true MSK signal. A CPM signal, for which
the frequency pulse g(t) is nonzero over a single symbol inter-has often been selected over MSK in satellite systems.
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modulated signal. The product of B with the bit duration T is
the parameter to modify in order to obtain different spectral
characteristics. For MSK, BT � � and, as BT decreases the
sidelobes level fall off very rapidly. This is illustrated in Fig.
6. The corresponding frequency pulse g(t), obtained from Eq.

Binary
data

M-ary
CPFSK
signal

M-ary
symbol
shaping

VCO
{In}

hn1
2Ts (14), is

Figure 5. A conceptually simple method to generate CPFSK signals.
For MSK, h � 1/2. GMSK can also be generated with this configura-
tion, by replacing the single multiplication by 1/2Ts with a linear
filter.

val only, is called a full-response CPM signal. CPFSK is there-

gGMSK(t) = 1
2

{
−erf

[
−
r

2
ln 2

πB(t − T/2)

]

+ erf

[r
2

ln 2
πB(t + T/2)

]} (15)

fore a member of this class, with a rectangular pulse shape.
This concept can be generalized by allowing a frequency pulse where erf(x) is the error function, defined as
with an arbitrary form, over an arbitrary number of symbol
intervals. The use of more than one symbol interval (possibly
an infinite number) defines the family of partial response erf(x) = 2√

π

∫ x

0
e−t2

dt
CPM signals (irrespective of the pulse shape). This class of
signals can be conceptually generated as in Fig. 5, where the

Gaussian MSK, like MSK, has a modulation index equal tosingle multiplication by 1/2Ts is replaced by a linear filter
0.5. But, unlike MSK, it is not a binary FSK signal, since itwith impulse response a(t). This response a(t) is related to the
does not correspond to the transmission of two distinct carrierfrequency pulse g(t) as
frequencies. Its phase is therefore not linear, and the phase
changes from one bit to the other are not necessarily equal to
multiples of 
�/2. (This is a consequence of the intersymbolg(t) =

∫ Ts/2

−Ts/2
a(t − τ ) dτ (14)

interference introduced by the Gaussian filter.) GMSK should
therefore be seen as a binary digital FM signal.which is the convolution of the premodulation filter a(t) with

a rectangular pulse over the interval [�Ts/2, Ts/2]. Note that
this generalized conceptual way of generating continuous
phase frequency modulated signals applies to all CPM sig-
nals, as defined in Eq. (1).

The use of a premodulation filter before the VCO has the
effect of introducing intersymbol interference (ISI) in a con-
trolled way. Encoding the transmitted symbols in such a way
has been called correlative coding or partial response signal-
ing (20–22). The term generalized MSK has also been used in
this case by some authors (23). Correlative coding gives extra
freedom for shaping the power spectral density of a modu-
lated signal. When used with CPM signals it allows spectral
manipulations while maintaining the constant amplitude of
the transmitted signal. It may also produce benefits in the
demodulation process, if the information about the controlled
ISI is exploited in the receiver.

The work on partial response CPM schemes has been in-
tense, and many new modulation formats were derived (24).
Among those, the better known are tamed frequency modula-
tion (TFM) (25), correlative phase shift keying (CORPSK)
(26), and Gaussian MSK (GMSK) (5).

Gaussian MSK. GMSK, since its introduction, has enjoyed
more and more popularity and has become the constant am-
plitude modulation scheme of choice in some of the most pop-
ular mobile communications systems (6). GMSK is a binary
modulation scheme, with h � 0.5, and a premodulation filter
having a Gaussian-shaped impulse response given by (6)

aGMSK(t) =
r

2π

ln 2
B exp

�
−2π2B2t2

ln 2
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where B is the one-sided 3 dB bandwidth of the Gaussian
filter. This bandwidth is a variable parameter that allows the Figure 6. The one-sided power spectral density of GMSK for differ-

ent BT products. (a) General view; (b) main lobe.system designer to modify the rate of spectral fall-off of the
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Demodulation of MSK and GMSK Signals
over an AWGN Channel

In general, in order to demodulate in an optimum way [opti-
mum in terms of minimum bit error rate (BER)], the receiver
must use as much information as possible about the transmit-
ted signal characteristics, and about the communications

v(t)

t = (2n + 2)T

t = (2n + 1)T –1

1

–1

1
u(t – T) cos(n  )π

u(t) cos(n  )π b2n
^

b2n + 1
^

channel. The simplest channel to consider is the additive
white Gaussian noise channel, in which the only impairment Figure 7. The coherent MSK receiver structure at complex base-

band. This receiver requires differential decoding to recover the MSK-imposed on the transmitted signal is the addition of noncorre-
modulated bits.lated noise. This channel is also referred to as the static or

the nonfading channel. The assumption that the transmission
took place on this form of channel implies that there is no
filtering action that introduces intersymbol interference. The filter output. The BER for such a matched filter detection (8)
channel simply attenuates the transmitted signal, delays it in is given by
time, and adds noise. Over an AWGN channel, a transmitted
signal v(t) is therefore received (in complex baseband format)
(8) as PCo = 1

2
erfc

��
Eb

2N0

�
(17)

r(t) = Gv(t − d)e− j2π ( fc+� f )de j2π� f te jθ (t) + n(t) (16)
where erfc(x) is the complementary error function, defined as

where G is the channel gain or loss, d is the time delay, f c is
the carrier frequency, �f is the carrier frequency error, �(t) is erfc(x) = 2√

π

∫ ∞

x
e−t2

dt
a time-varying phase error, and n(t) is the complex baseband
noise with power spectral density N0. This model is acceptable

Eb is the energy per transmitted bit and N0 is the white noisein many communications scenarios, especially for fixed sta-
variance. The subscript ‘‘Co’’ refers to Coherent detection oftions satellite communications (4).
orthogonal signals.Two forms of detection may be considered: (1) the coherent

When the linear interpretation of Eq. (8) is considered, itdetection, in which it is assumed that any phase or frequency
is noticed that the complex waveform v(t) is composed of twoerror encountered on the channel is totally compensated, and
filtered BPSK signals, one in the real component, and one in(2) the noncoherent detection, in which the frequency errors
the imaginary part. The real part is modulated by a binaryare removed, but the phase errors are assumed present and
stream �b2n�, independent from the modulating stream �b2n�1�unknown. In order to accomplish a proper demodulation, the
in the imaginary component. In addition, the complex base-receiver must estimate as precisely as possible the symbol or
band noise n(t) has independent real and imaginary compo-bit transitions time (i.e., compensate for the delay d).
nents (8). The transmission of the MSK waveform over the
AWGN channel can be interpreted as the transmission of two

Coherent Demodulation. It is assumed here that �f � independent BPSK waveforms with pulse shape u(t) given by
�(t) � 0, that d has been compensated, and that G � 1. The Eq. (7), over two independent AWGN channels. The demodu-
received signal is then lation of the two modulating bit streams can then be accom-

plished independently in each of the quadrature channels.
The optimum demodulator for such an OQPSK form of signalr(t) = v(t) + n(t)
consists in a quadrature demodulator, in which the real and
the imaginary parts of the received signal are independentlyFor an MSK signal, the two interpretations of Eqs. (1) and (8)
matched filtered with u(t) and u(t � T), respectively (with al-lead to two different coherent demodulators, with different
ternating signs, due to the cos(n�) factor) (9). The form of thisprobabilities of bit errors. The binary FSK interpretation of
demodulator is illustrated in Fig. 7. The two demodulated bitEq. (1) indicates that MSK is represented by two different
streams �b̂2n� and �b̂2n�1� both have a bit error rate equal tosignaling waveforms, given by
that of ordinary BPSK, with a bit rate of 1/2T bit/s. The prob-
ability of bit error is then (8)

v(t) = exp
�

± jπt
2T

�

These two waveforms are orthogonal over a signaling interval
PCa = 1

2
erfc

��
Eb

N0

�
(18)

of T seconds. Coherent detection for such a scheme is accom-
plished by cross-correlating the received waveform over [0, Here, the subscript ‘‘Ca’’ refers to Coherent detection of antip-

odal signals. The term antipodal is used to indicate that theT], with the complex conjugate of the two signaling wave-
forms, and by making the binary decision in favor of the two signaling waveforms in the BPSK quadrature channels

are such that one is equal to the other multiplied by �1, thatlargest cross-correlation (8). This is equivalent to filtering the
received signal with two filters, one with impulse response is, u(t � 2nT) is transmitted when b2n cos n� � 1, and

�u(t � 2nT) is transmitted when b2n cos n� � �1. The proba-h1(t) � exp[�j�(t � T)/2T], and the other with impulse re-
sponse h�1(t) � exp[j�(t � T)/2T], both nonzero over [0, T] bility of Eq. (18) applies to the decoded bits �b̂n�. The bits �bn�

correspond to the differentially encoded source bits �In�, as in-only, and to make the binary decision in favor of the largest
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quence likelihood, called maximum likelihood sequence esti-
mation (MLSE) (27,28). For CPM schemes with a rational
modulation index and a time-limited pulse shape, the MLSE
detector can be implemented as a bank of matched filters
sampled at every symbol interval, followed by the Viterbi al-
gorithm (7). The performance of such a detector is usually
expressed in terms of asymptotic signal-to-noise ratio (SNR)
and minimum Euclidean distance between the possible trans-
mitted sequences (27). The BER performance for MLSE of
GMSK, for large Eb/N0, is given by (5)

PGMSK = 1
2

erfc
� dmin

2
√

N0

�
for Eb/N0 → ∞ (21)

where dmin is the minimum Euclidean distance between any
two transmitted sequences. This minimum distance varies
with the BT product. It is equal to �2Eb for BT � 0.1 and
converges to 2�Eb for BT approaching infinity (5). This last
case corresponds to coherent detection of MSK (before differ-
ential decoding). For BT products larger than 0.1, the asymp-
totic MLSE performance with GMSK is therefore within 3 dB
from that of MSK. For BT � 0.3, the asymptotic loss is ap-
proximately 0.5 dB, and for BT � 0.5, it is approximately 0.25
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Figure 8. The probability of error for coherent and noncoherent de- Because the complexity of the Viterbi algorithm grows ex-
modulation of MSK over an AWGN channel. PDMSK is obtained from ponentially with the length of the phase pulse, a largeRef. 40.

amount of work was performed toward the search of subopti-
mum coherent demodulators approaching the performance of
the full-MLSE detector. Several general types of such demod-dicated in Eq. (10), which implies that the demodulated bit
ulators were proposed (29). Two of these types implement re-stream �b̂n� must be differentially decoded as
duced-complexity Viterbi detectors. In one type, the Viterbi
algorithm employed in the receiver is for a simpler CPMÎn = b̂nb̂n−1 (19)
scheme than the one transmitted. Since the number of
matched filters and the number of states used in the ViterbiThis differential decoding tends to propagate the bit errors
algorithm are related to the length of the pulse shape of Eq.and therefore to worsen the performance of the coherent re-
(2), a simpler phase tree (Fig. 3) can be defined, by assumingceiver. The ultimate BER for coherent demodulation of MSK
a pulse shape in the receiver that differs from the transmitter[including the differential decoding of Eq. (19)] is
pulse in length and/or in shape. This kind of reduced-state
algorithm has been shown to induce losses of less than onePCMSK = 2PCa(1 − PCa) (20)
dB, at error rates lower than 10�1 (30). In another type of
reduced-complexity MLSE receiver, the phase tree used in thewhere PCa is given in Eq. (18). Note that this BER expression

also applies to BPSK, QPSK, and OQPSK, when the source Viterbi algorithm is not different from the one corresponding
to the transmitted signal, but its search is limited to certainbit stream is differentially encoded prior to modulation. The

error rates of Eqs. (17), (18), and (20) are illustrated in Fig. sections only. This kind of limited search algorithm has been
studied extensively in the areas of decoding of convolutional8. It is noted that the difference in Eb/N0 between MSK and

BPSK tends toward zero as Eb/N0 increases. Also, the linear codes, MLSE for intersymbol interference channels, and gen-
eral trellis decoding. In the detection of CPM signals, this re-view of MSK allows a coherent demodulation that is close to

3 dB better than the coherent demodulation used when the duced-search form of algorithm has been shown to induce
very small losses (31).signal is considered as a binary FSK signal. (The difference

between PCo and PCMSK is 3 dB when Eb/N0 tends toward infin- Other forms of coherent receivers with lower complexity
have been proposed. For GMSK, the preferred structure ofity.) It is then clear that if coherent demodulation is feasible,

then the quadrature receiver of Fig. 7 should always be used suboptimum coherent demodulator is that of the quadrature
receiver of Fig. 7, with different forms of filter impulse re-with MSK. Note also that if the FSK property is not required,

the linear modulation of Eq. (8) should be used without differ- sponse (5). (When the modulation index is equal to 0.5, this
structure may also be applied to other CPM schemes.) Byential encoding (resulting in a signal that is not strictly an

MSK signal), which would avoid the penalty induced by dif- choosing the impulse response u(t) such that the probability
of error is minimized, this GMSK receiver has a performanceferential decoding [due to Eq. (20)].

Coherent Demodulation of GMSK. For a general CPM that is within 0.5 dB from the asymptotic BER given by Eq.
(21) (32). Note that this so-called parallel MSK-type receiver,scheme using an infinitely long pulse shape, a coherent de-

modulator which minimizes the probability of error must ob- in which the bit decisions are made alternatively in one of the
two parallel branches, has a serial version, in which the fil-serve the received signal over the entire time axis. The usual

detection criterion is the maximization of the symbol se- ters in the two branches are different. The output of these
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branches is summed, and the decisions are made from sam- from the complex baseband-received signal by sampling at
t � (n � 1)T and t � nT. For MSK, this givespling a single signal stream, at intervals nT. This form of

serial MSK-type receiver was first proposed for MSK, and has
been naturally extended for CPM signals with a modulation
index of 0.5 (33,34). In the absence of synchronization errors,

e jφMSK (n) × e jφMSK (n+1) = sin
�π

2
In

�

= Inthe performance of the parallel and serial receivers is identi-
cal. The serial approach has the advantage of lower complex-

This equation indicates that, for MSK on an AWGN channel,ity and lower sensitivity to synchronization errors (33). This
it is possible to recover the transmitted symbols by simplyserial approach can also be used in the transmitter, as a form
differentially detecting the received signal. When differentialof filtered BPSK.
detection is used with MSK, the term DMSK is usually em-
ployed. Note that the received MSK signal must be filteredNoncoherent Demodulation. It is assumed that for the
before the detection, in order to reduce the effects of the wide-model of Eq. (16), �f � 0, d has been compensated and G �
band AWGN. For MSK, there does not exist a single receive1. In deriving the optimum noncoherent demodulation
filter that both maximizes the signal-to-noise ratio at its out-scheme, it is usually assumed that the phase error �(t) is a
put (the matched filter) and introduces no intersymbol inter-time-invariant random variable, uniformly distributed over
ference. This fact is responsible for the increased BER of[0, 2�] (8). For a general CPM modulation scheme, the opti-
DMSK, compared with coherent MSK. (Differential detectionmum symbol-by-symbol noncoherent receiver observes the
also tends to cause error propagation.) The ease of implemen-whole transmitted signal, and makes a decision in a given
tation of the differential detection technique is therefore com-symbol interval by maximizing the likelihood probability of
pensated by a lower performance. The BER of DMSK is usu-this symbol, given all the possible transmitted sequences con-
ally inferior to that of BPSK by more than 3 dB. A simulatedtaining this particular symbol (35). This receiver is fairly com-
DMSK performance curve is given in Fig. 8 (40). This perfor-plex, comprising a bank of matched filters for which the out-
mance is obtained by using, as a receive filter, a phase-equal-put signals are processed by computing the squared modulus
ized fourth-order Butterworth filter with a bandwidth to bitand by applying a Bessel function of order zero (although, due
rate ratio of 1.1. This filter was found to give very good perfor-to the monotonicity of the Bessel function with its argument,
mance for differential detection of MSK (41).it is sufficient to use this argument only) (8). The performance

Differential detection of CPM signals has been extensivelyof such an optimum noncoherent receiver approaches the per-
studied for general schemes (42,43) and, specifically, for bi-formance of the coherent receiver, at least for a large Eb/N0
nary schemes with a modulation index h � 0.5. It applies to(35–37). This behavior is related to the phase memory of the
GMSK, although the inherent intersymbol interference of thisCPM schemes, which allows a performance improvement with
partial-response scheme tends to decrease the performance oflarger observation times. This is also true for noncoherent de-
the detector (in addition to any degradation induced by thetection of MSK, even if it was established before that the opti-
intersymbol interference due to the receive filter) (44). In or-mum observation interval for coherent detection is two-bit
der to reduce some of the intersymbol interference effects,long. More recent work on noncoherent detection is based on
two-bit differential detection has been proposed (44,45). Bymaximum likelihood detection over a time-limited block of
differentially encoding the bits to transmit before they aretransmitted symbols. This work applies to full-response (38),
modulated by the GMSK modulator the phase difference overas well as to partial-response CPM (39), and leads to the use
two bits becomes proportional to the transmitted bits, with aof multiple levels of differential detectors.
larger immunity to noise (a larger decision interval in the so-Differential detection over a single symbol interval is, for
called eye diagram at the detector output).some of the CPM schemes, an attractive form of noncoherent

The use of multiple symbol differential detection has beendemodulation. It has the advantage of being simple to imple-
generalized, especially by combining the output of a bank ofment, and can approach, in some cases, the performance of
such detectors, each one computing the differential phasethe optimum noncoherent technique. Consider the MSK
over a larger observation window. For a full-response CPMphase of Eq. (4), sampled at the symbol intervals t � (n �
signal [g(t) in Eq. (2) is nonzero over only a single symbol1)T. The result is
interval L � 1], observed over k symbol intervals, the phase
difference is

φMSK(n + 1) =
n−1∑

k=−∞
Ik

π

2
+ π

2
In

�φk(n + 1)|L=1 = πh
k−1∑
i=0

In−i
Computing the phase difference between intervals n � 1 and
n gives

This equation indicates that, by differentially detecting over
multiple symbols, it is possible to take advantage of the phase
memory of the CPM scheme, and possibly to increase the per-
formance of a single symbol differential detector. This fact

�φMSK(n + 1) = φMSK(n + 1) − φMSK(n)

= π

2
In

has been recognized for some time, and error control feedback
decoding principles (46) have been applied on the binary deci-This equation indicates that, because of the phase accumula-

tion property of MSK, all the information about the nth trans- sions at the output of a bank of two differential detectors (47),
and later for a bank of three detectors (48). This techniquemitted symbol is contained in the phase difference �	MSK(n �

1). A simple method to obtain this information is to compute was often called nonredundant error correction, since it uses
the detector’s hard decisions as if they were produced by athe cross-product between the complex numbers, obtained
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convolutional encoder, which allows ‘‘error correction’’ at the that constant envelope signals allow the use, in the mobile
stations, of inexpensive and less power-hungry nonlinearoutput of the ordinary one-bit differential detector. This tech-

nique can be viewed as a particular case of noncoherent maxi- power amplifiers. (The amplitude nonlinearity does not affect
adversely the transmitted signal.) The phase accumulationmum likelihood detection over a block of transmitted symbols

(49). As the number of detectors increases (i.e., as the length inherent to the MSK format allows noncoherent differential
detection or frequency discriminator detection in the receiver,of the observed block grows) the performance improves, and

tends toward that of differentially decoded coherent MSK, which is generally found to be easier to implement than co-
herent demodulation on wireless fading channels (because thegiven in Eq. (20) (50).

For partial response signals, inherent intersymbol interfer- fading gain variations often do not allow a good carrier phase
estimation at the receiver).ence is present at the output of the differential detectors (in

addition to any channel-induced ISI). As with the full-re-
sponse case, the outputs of different levels of differential de- Demodulation of MSK and GMSK Signals over Fading Channels
tection can be combined with different forms of decision feed-

The static AWGN channel model of Eq. (16) is not adequate toback equalization in order to cancel some of this interference.
characterize the mobile wireless channel. In general wirelessThis method has been studied for GMSK (51,52), as well as
transmissions, the signal reaching the receiver is the sum offor other forms of partial-response CPM schemes (53).
a number of reflected versions of the transmitted signal, eachDifferential detection over an interval �t of less than one
one affected by different time-varying delays and gains. If thesymbol has been proposed (54). In this technique, by using
transmitted signal is v(t), a widely accepted mathematicalthe phase difference �	(t) � 	(t � �t) � 	(t) for �t � T, the
model for the received signal is (6)channel dispersive effects (on a mobile multipath fading chan-

nel) can be avoided, in part. This results in a BER perfor-
mance that is not as degraded as the conventional one-bit dif-
ferential detector on a multipath mobile communications

r(t) =
N∑

i=1

Gi(t)v(t − di) + n(t) (23)

channel (55).
where Gi(t) and di are, respectively, the gain and the delay ofAnother form of noncoherent detection, called frequency
the ith reflected path, and n(t) is the complex baseband noise.discriminator detection, has been studied extensively for CPM
The gain Gi(t) is represented with a time-varying complexsignals and other narrowband frequency modulated signals
Rayleigh random variable, that is, its real and imaginary(56). A frequency discriminator transforms the frequency
components are independent zero-mean Gaussian randommodulation of an FM signal into an equivalent amplitude
processes, with a maximum frequency content equal to themodulation. The output of a perfect frequency discriminator
Doppler spread of the channel (8).is given by

The performance of CPM signals has been investigated for
different channels represented by special cases of Eq. (23).
The land mobile channel, in which N is usually assumed to

p(t) = a
2π

dφ(t)
dt

(22)

vary from 1 to 3, and the satellite mobile channel, in which
where a is a linear gain. Note that because the time deriva- G1 is equal to a constant and N � 2, have been extensively
tive of Eq. (22) can be expressed as studied. The relative propagation delays in the satellite mo-

bile systems are usually small, and the delays in the model of
Eq. (23) are usually set equal to zero (d1 � d2 � 0). The sim-dφ(t)

dt
= lim

�t→0

�φ(t)
�t plest model used in land mobile communications is that of the

flat fading Rayleigh channel, obtained from Eq. (23) with
the output of a differential phase detector can be seen as an N � 1. This channel is purely multiplicative (except for the
approximation of a frequency discriminator, followed by an additive white noise) and the time-varying gain is the same
integration function (in practice, a low-pass filter). Because of for all frequencies. The time variations of this gain are gener-
this link, frequency discriminator detection of FSK can enjoy, ally classified as slow and fast. The former is usually related
like fractional-bit differential detection, a reduction of the to a gain with a time constant much larger than one symbol
multipath effects on the BER performance (57). This form of interval, while the latter refers to the case where the gain
detection applies to GMSK, and like differential detection, variations are much faster than the symbol rate. When N is
has been considered in conjunction with decision feedback larger than 1 in Eq. (23), time dispersion usually appears and
and maximum likelihood decoding (58,59). induces intersymbol interference. This channel is referred to

as frequency selective.
ADVANCED TOPICS

Coherent Demodulation. Because of the difficulty in accu-
rately estimating the carrier phase on a fading channel, andThe use of the MSK format (particularly GMSK) in current

systems and standards is mostly restricted to mobile wireless the possibility of using efficient noncoherent methods, coher-
ent detection of CPM signals has received less attention thancommunications, in which the transmitted signal is corrupted

by multipath fading. This channel is inherently more prob- noncoherent detection in wireless communications. In slow
flat fading conditions, the coherent quadrature receiver of Fig.lematic than the static AWGN channel in terms of demodula-

tion and synchronization of the received signal. Constant or 7 has been analyzed in Refs. 5, 29, and 32. It is shown that
for most CPM cases, the asymptotically optimum filter (i.e.,quasiconstant amplitude modulation schemes have been con-

sidered, and sometimes adopted, for wireless communications when Eb/N0 � �) for the AWGN channel can be used without
severe degradation. In slow fading, the MSK modulationapplications. The main reason for this interest lies in the fact
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scheme is less affected than other CPM signals, since the nel effects before the Viterbi algorithm. The result is a nonco-
quadrature receiver is then optimal in AWGN conditions. herent receiver that is superior to one-bit differential detec-
When cochannel interference is present, most MSK-type mod- tion in fast fading conditions, and that theoretically does not
ulation perform similarly, while if adjacent channel interfer- have an irreducible BER. (A good practical implementation
ence is dominant, the smoother modulation schemes (like would result in a very small error floor.) The price to pay for
GMSK) offer an improved performance because of the lower such superior performance is larger computational com-
side lobes (60). plexity.

In slow frequency selective fading conditions, the coherent
quadrature receiver for GMSK has been specifically studied,

Symbol Timing and Carrier Phase Recovery of MSKand it is found that, with a BT product of 0.25, its perfor-
and GMSK Signalsmance is, in general, slightly better than that of MSK (61).
The synchronization aspects of CPM signals are generally

Noncoherent Demodulation. In fading conditions, differen- studied as a joint data and synchronization estimation prob-
tial detection and frequency discriminator detection are the lem (29,69). The solution to this problem can be formulated
most popular choices. Depending on the fading rate, both in terms of a maximum likelihood procedure, with a known
methods, when used with MSK and GMSK signals, may in- or unknown data sequence. However, the complexity of this
duce important losses, compared with coherent detection of method is such that other practical solutions have to be con-
MSK on an AWGN channel. At high Eb/N0 an irreducible BER sidered for real-life applications. The typical practical tech-
is observed. This error floor increases with the fading rate, niques decouple the estimation problem, and perform a sepa-
and is due to the random phase imposed on the transmitted rate estimation of the received signal symbol transitions, and
signal by the fading process. The choice between differential of its carrier frequency and phase errors. (For noncoherent
detection and frequency discrimination is usually dictated by detection, phase synchronization is not necessary.)
the system design. If the stability of the carrier frequency is The phase information of a general CPM signal is given in
poor at the receiver, frequency discrimination is usually pre- the argument of Eq. (1). Assuming a constant modulation in-
ferred. dex with a rational value of the form h � p/q, it can be shown

Differential detection with one-bit delay has been analyzed that if the CPM signal is raised to the power q, the result is
in fast Rayleigh fading conditions (62). It is found that the another CPM signal, with an integer modulation index. A key
performance of GMSK is worse than that of MSK, mainly be- property of this new signal is that its power spectral density
cause of the built-in ISI present in the former. The loss is exhibits discrete spectral components, with frequencies sepa-
small, however, for BT products of 0.4 or larger. The two-bit rated by the symbol rate (29). The receiver can make use of
differential detector is analyzed in Ref. 63, and it has a per- these discrete tones by filtering them, and deriving the sym-
formance worse than the one-bit detector in fast fading condi- bol transitions and carrier phase errors from the result. For
tions. The discriminator detection approach for MSK-type sig- MSK-type signals, with h � 1/2, such a synchronizer can be
nals over land mobile channels has received attention in Ref. used by squaring the received signal (2,70). The new signal
64. As with the differential detector, the discriminator intro-

has a unitary modulation index, and the spectral lines are at
duces a loss of a few decibels, compared with the coherent

the carrier frequency f c, plus and minus n/(2T), with n � 1,detection of MSK on an AWGN channel. As in the detection
2, . . .. This is also true for CPM signals with h � 1/2, likeof GMSK over the AWGN channel, some forms of decision
GMSK.feedback equalization, following the differential or discrimi-

Figure 9 illustrates the block diagram of the basic ap-nator detector, have been studied (65,66). This equalization
proach for MSK. The filters following the squaring devicetechnique results in gains up to 3 dB on the AWGN channel,
eliminate some of the noise coming from the modulation it-compared with ordinary differential detection, but in little im-
self, as well as from the signal and noise cross-products. Theprovements on fading channels.
multiplicative nonlinearity results in the sum and differenceDifferential detection with one- and two-bit delay has also
of the tones at the input. The tones at 4f c and at 1/T are thenbeen investigated for satellite mobile channels. Slow fading
isolated, with proper band-pass filters. The clock phase of theconditions have been considered in Ref. 45, while the fast fad-
receiver can be adjusted with the output T(t), while the car-ing case has been treated in Refs. 52 and 67, along with deci-
rier phase is adjusted with C(t). Note that a phase ambiguitysion feedback. As with the land mobile case, the use of deci-
problem exists with the signal C(t) and has to be resolvedsion feedback improves the receiver’s performance for very
(29). The approach of Fig. 9 can be implemented at RF or IFslow fading channels, and there is little advantage in using
frequency, as well as at baseband. A generalized version oftwo-bit differential detection instead of one-bit detection on a
the symbol timing estimation portion of this algorithm hasfast fading channel. The discriminator detector has also been
been investigated in (71), for the case of fast flat fading chan-studied for satellite applications in Ref. 58, with and without
nels. Good results were obtained for modulation schemes hav-decision feedback.
ing a negligible amount of ISI. Other algorithms based on
nonlinear processing have been studied for MSK-type sig-Maximum Likelihood Sequence Estimation. Maximum likeli-
nals (72–74).hood sequence estimation of CPM signals transmitted over

The problem of estimating the carrier frequency errors forRayleigh flat fading channels is discussed in Ref. 68. The re-
MSK signals has been addressed in (74). Since MSK is a dif-sulting receiver is based on linear prediction theory, and im-
ferentially encoded linear phase modulated signal, several ofplements a bank of FIR filters and square operations, fol-
the techniques used for BPSK or QPSK are also applicablelowed by a Viterbi algorithm. The filters actually perform a

linear prediction of the fading channel, and remove the chan- for MSK-type signals, especially in the discrete-time domain.
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Figure 9. A possible structure for the
clock and phase synchronization of MSK.
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Some Generalizations and Recent Developments limited the use of the multi-h format to CPM signals with a
rectangular frequency pulse g(t).

The basic MSK signal format has been generalized somewhat
Simplified receivers have been developed with small degra-

by allowing the use of a premodulation filter, as in GMSK.
dation relative to MLSE (79,80). The combination of multi-h

Some other forms of generalizations have been studied, such
CPM with error-correcting codes has also been investigated,

as the use of M-ary modulating symbols and the use of multi-
seeking ways to increase the minimum distance in the phase

ple modulation indices.
trellis (78). Finally, multi-T realizations of multi-h phase
codes, in which the symbol duration changes cyclically, haveM-ary Modulation. The binary CPM and MSK-type
been investigated to simplify some system design aspects (81).schemes can be generalized to use M-ary symbols. An exam-

ple of this scheme is M-ary GMSK using k-bit symbols (75),
Spread Spectrum with the MSK Family. CPM signals can befor which h � 1/M with M � 2k. The signal generation is the

used in spread spectrum applications, for the sake of reducingsame as for binary GMSK, except that the input of the pre-
the bandwidth of the spread signal and allowing the use ofmodulation filter is a sequence of M-ary symbols. The general
efficient nonlinear power amplifiers. The transmitted signalimpact of such a generalization is to increase the amount of
is obtained by spreading the modulating data stream with aISI in the noncoherent receiver, or to increase the number of
larger bandwidth pseudorandom binary signal [direct se-states in the MLSE receiver. The spectral efficiency of such a
quence (DS) spread spectrum], and by modulating the re-modulation scheme is generally increased. Another general-
sulting signal with a CPM scheme. The use of the MSK andization is multiple amplitude MSK (MAMSK), in which two
GMSK (BT � 0.3) modulation formats have been studied foror more MSK signals, with different complex envelope ampli-
the mobile radio channel (82,83).tudes, are added together (19,76). The continuous phase prop-

erty of the MAMSK signal is preserved, but the constant en-
Current Mobile Wireless Systems and Standardsvelope feature is lost. These M-ary modulation schemes are

often studied in conjunction with trellis coding, to achieve bet- For systems using single carrier per channel (SCPC) fre-
ter bit error performances without bandwidth expansion (77). quency division multiplex (FDM), the MSK modulation for-

mat is not narrowband enough to meet practical capacity re-
Multi-h Modulation. The information-carrying phase func- quirements. The GMSK scheme has better spectral

tion in multi-h continuous phase modulation is given by the characteristics, with a limited performance degradation. For
argument of Eq. (1), where hn is the modulation index in the this reason, GMSK has been adopted for application in some
nth symbol interval. In multi-h signals hn is taken from a of the major land mobile cellular systems across the globe.
finite set of values and is repeated in sequence with a period Such systems include the European Global System for Mobile
equal to the number of elements in the set. The modulation Communications (GSM), using the 900 MHz band, the Digital
indices are often chosen from a set of rational numbers, with Communications System 1800 (DCS 1800), also in Europe in
a common integer denominator q such that the 1800 MHz band, and the North American Personal Com-

munication Service 1900 (PCS 1900), in the 1900 MHz band.
GMSK has also been selected in the second generation of Brit-hi = pi

q
i = 1, 2, 3, . . ., K

ish Cordless Telephones (CT-2), with a common air interface
(CAI), and in the Digital European Cordless Telephonewhere the pi’s are K integers smaller than q. The objective in
(DECT) system. The MSK family of signals is also being usedusing a multi-h set is to increase the minimum distance in
in wide-area wireless data systems, for high mobility, wide-the phase trellis (which is related to the phase tree) between
ranging, and low-data-rate digital communications. Systemspossible transmitted symbol sequences, such that the immu-
like the Cellular Digital Packet Data (CDPD), the Mobitexnity to sequence errors is increased (29,78).
RAM Mobile data network, and the Metricom MicrocellularCoherent detection is usually accomplished with the MLSE
Data Network (MDN) all employ a GMSK modulation for-technique. The Viterbi algorithm is preceded by a bank of
mat (84,85).matched filters, cyclically switched interval by interval, to

allow the reuse of the modulation indices. The complexity is
therefore increased, with respect to a single-h modulation, be- GSM, DCS 1800, and PCS 1900 Systems. The European GSM

system uses GMSK, with a premodulation filter having a BTcause of the bank switching and because of a larger number
of states in the phase trellis. This increased complexity has product of 0.3. The binary data rate going into the transmitter
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pulse shaping filter is 270.833 kbit/s, on both the forward MSK-type signals. The same is true for the detection and de-
modulation of these signals, for fading channels, and chan-(base station to mobile) and the reverse (mobile to base sta-

tion) links. Eight digital voice channels share this bit stream, nels facing adjacent and cochannel interference. Trellis-coded
GMSK signals have been studied recently for AWGN chan-using Time Division Multiple Access (TDMA). The radio fre-

quency signal band is 890 MHz to 915 MHz for the reverse nels, and are likely to be considered for fading channels. Max-
imum a posteriori (MAP) detection of CPM signals andlink, and 935 MHz to 960 MHz for the forward channel, with

a channel spacing of 200 kHz. To meet the spectral require- iterative processing have also received attention recently. Re-
search is currently being done, considering MSK and GMSK,ment of the system, the power level of the modulated signal,

400 kHz away from the carrier frequency, must be at least 60 in the area of satellite on-board processing and band-limited
nonlinear amplification. Broadband indoor and outdoor wire-dB below the value at the carrier frequency. The demodula-

tion technique is not specified and is left up to the manufac- less applications, using direct-sequence spread spectrum with
MSK and GMSK, continue to generate an increasing amountturer. Equalization is usually required, in order to cope with

the transmitted signal ISI and frequency selective fading. Ex- of interest. GMSK is also currently being studied for applica-
tion in a number of wireless data services, such as Highcept for some differences, especially at the cell deployment

level, the DCS 1800 and PCS 1900 systems are essentially Performance Radio LAN (HYPERLAN), simulcast paging, mi-
crocellular networks, cellular digital packet data, and asyn-L-band upconverted versions of the GSM norm. The signal

definitions are the same as those of the GSM standard. chronous transfer mode (ATM) for indoor communications.

Cordless Telephones. The cordless system CT2/CAI was the
ACKNOWLEDGMENTSfirst popular digital cordless telephone standard in operation.

Its spectral location is in the band 864.1 MHz to 868.1 MHz,
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torate of Mobile and Personal Communications of the Cana-tion scheme is Gaussian FSK (GFSK), with a BT product usu-
dian Communications Research Centre, for the resourcesally equal to 0.3. The channel data rate is 72 kbit/s, with a
made available during the completion of this project.modulation index between 0.4 and 0.7. The peak frequency

deviation range of the transmitted signal is limited to the in-
terval between 14.4 kHz and 25.2 kHz. The North American

APPENDIX 1. COMPLEX BASEBAND REPRESENTATION OFversion of CT2/CAI, known as the Personal Communications
MODULATED SIGNALSInterface (PCI), also specifies the same modulation format.

The DECT standard is used in the band 1880 MHz to 1900
In this appendix, the basic theory of complex baseband repre-MHz, with a 1.728 MHz channel spacing and a 1152 kbit/s
sentation of signals, also referred to as ‘‘complex envelope rep-channel data rate. The BT product is usually 0.5, with a mod-
resentation,’’ is briefly discussed. Chapter 3 of Ref. 8 is anulation index of 0.35 to 0.7. The cordless telephone receivers
example of a more complete treatment of the topic. The com-usually implement noncoherent demodulation (85,86).
plex baseband representation serves the purpose of mathe-
matically expressing a real band-pass signal in a format

Wide-Area Wireless Data Systems. The mobile data net- where the carrier or reference frequency is zero, and the am-
works are systems used to complement the cellular systems, plitude and phase information is readily available. This rep-
by transmitting low bit rate data. The Mobitex RAM Mobile resentation is an extension of the familiar two-dimensional
data network, for trunked radio networks, is used in several phasor (vector) representation of sinusoidal signals.
countries in Europe and in North America. The mobile trans- Consider a real band-pass signal with a narrow bandwidth
mits in the range 896 MHz to 901 MHz, and the base station concentrated around a reference or carrier frequency f c. This
in the range 935 MHz to 940 MHz. The bit rate is 8 kbit/s, real signal can be mathematically expressed as
in a 12.5 kHz channel, using the GMSK modulation format.
Noncoherent detection is performed in the receiver. Another s(t) = a(t) cos[2π fc t + φ(t)] (24)
system is the Cellular Digital Packet Data (CDPD) service,
used as an overlay to the existing analog cellular telephone

where a(t) is the signal amplitude and 	(t) is the time-varyingnetwork. It takes advantage of the idle time in the analog
phase. The modulation of the signal is contained in its ampli-system to transmit packets of data, at a rate of 19.2 kbit/s.
tude and its phase. (The frequency modulation is equal to theThe operation is done transparently, in the 30 kHz channel.
time derivative of the phase.) The signals a(t) and 	(t) showThe GMSK modulation format is used, with a BT product of
all the modulation information carried by s(t), and must be0.5. The base to mobile transmission is in the range 869 MHz
preserved in the complex baseband representation. Equationto 894 MHz, and the mobile to base transmission is in the 824
(24) can also be expressed asMHz to 849 MHz range (84).

Current Trends
s(t) = a(t) cos[φ(t)] cos[2π fc t] − a(t) sin[φ(t)] sin[2π fc t]

= Re{[x(t) + jy(t)]e j2π fc t}
The topic of minimum shift keying and CPM signals is a fairly
mature one, in which most fundamental characteristics have where
probably been discovered. Despite this fact, a regular flow of
results is still being generated, especially in the area of mo-
bile communications. Some work is still being accomplished
in the area of signal shaping and spectrum efficiency of the

x(t) = a(t) cos[φ(t)]

y(t) = a(t) sin[φ(t)]
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