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ABSTRACT

A noncoherent receiver for the general case ofM -ary partial response multi-h continuous phase mod-
ulation (CPM) is presented. The receiver operates on the principle of sequence estimation via the Viterbi
Algorithm (VA). It offers a significant complexity reduction from the optimal coherent maximum likeli-
hood sequence estimating (MLSE) receiver. The performance of the receiver is evaluated with computer
simulations. It performs at a loss of1–6 dB relative to the MLSE receiver for the CPM schemes considered
in the simulations. The receiver shows promise in applications requiring reduced complexity and use of
existing hardware.

INTRODUCTION

The Advanced Range Telemetry (ARTM) Tier II modulation format is multi-h CPM. Some of the
attractive features of this modulation format are that it has constant envelope and narrow bandwidth [1].
The optimal MLSE receiver for CPM [2] has complexity that is a function of the modulation indiceshi,
symbol alphabet sizeM , and pulse lengthL. The complexity, i.e. the number of states in the trellis and
number of matched filters (MFs), can be large depending on the specific CPM parameters. The MLSE
receiver has the additional requirement of coherent detection.

Much of the existing hardware intended for use with PCM/FM can be used to demodulate CPM.
This approach is a suboptimal method. A receiver of this type is presented which addresses the above
difficulties with the MLSE receiver. It is noncoherent, and operates directly on the output of an FM
demodulator (FMD). It applies sequence estimation using the VA. Its complexity is independent of the
modulation indices, which offers a significant complexity reduction in most cases; the downside of this is



thatit does not take advantage of the performance gains of multi-h over single-h. The receiver performs at
a loss of1–6 dB relative to the MLSE receiver for the CPM schemes considered in the simulations. These
characteristics make the receiver an attractive alternative in applications where sufficient link margin is
present and where reduced complexity and use of existing hardware are desired.

In the following, the CPM signal is described. The MLSE receiver is summarized and the nonco-
herent receiver is presented. The relative performance of the two receivers is evaluated with computer
simulations. The results are summarized and conclusions are presented.

SIGNAL DESCRIPTION

CPM refers to a general class of digitally modulated signals in which the phase is constrained to be
continuous. The carrier modulated signal may be expressed as

s(t) =

√
2E
T

cos
(
2πfct + φ(t, α)

)
(1)

whereT is the length of the basic signaling interval,E is the signal energy during that interval, andfc is
the carrier frequency in Hz. The time-varying phase termφ(t, α) is defined as

φ(t, α) = π

∫ t

−∞

n∑
i=−∞

αihig(τ − iT ) dτ nT < t ≤ (n + 1)T (2)

φ(t, α) = π

n∑
i=−∞

αihiq(t− iT ) (3)

where{αi} is the sequence ofM -ary information symbols with possible values±1,±3, . . . ,±(M − 1),
{hi} is the sequence of modulation indices,g(t) is the normalized frequency pulse shape, andq(t) =∫

g(τ) dτ is the phase pulse.
A special case is whenhi = h for all i. In this case the modulation index is fixed for all symbols. The

general case, when the modulation index varies from symbol to symbol, is calledmulti-h. In the multi-h
case, the modulation indexhi cycles through a fixed set of values.

The frequency pulseg(t) is non-zero only in the interval0 ≤ t ≤ LT . WhenL = 1, the CPM signal is
calledfull response CPM. WhenL > 1, the CPM signal is calledpartial response CPM. The phase pulse
q(t) is constrained to

q(t) =





0 t < 0∫ t

0
g(τ) dτ 0 ≤ t ≤ LT

1 t > LT.

(4)

The information-carrying phaseφ(t, α) can be written as

φ(t, α) = π

n∑
i=n−L+1

αihiq(t− iT ) + π

n−L∑
i=−∞

αihi mod2π (5)

= θ(t, αn) + θn. (6)



Thephaseφ(t,α) is defined by the correlative state vectorαn = (αn−1, αn−2, . . . , αn−L+1) and the phase
stateθn. The number of correlative phase states isML−1. Forhi = 2ki/p (ki, p integers), the phase state
θn takes onp distinct values0, 2π/p, 2 · 2π/p, . . . , (p− 1)2π/p. The total state is described by theL-tuple
σn = (θn, αn−1, αn−2, . . . , αn−L+1) and the number of states ispML−1.

MAXIMUM LIKELIHOOD SEQUENCE ESTIMATING RECEIVER

The MLSE receiver is described in detail in [2]. The receiver selects as its output the sequenceα̂ that
maximizes the log likelihood function

Λ(α) = ln
(
pr(t)|α̂(r(t) | α)

) ∼ −
∫ ∞

−∞

(
r(t)− s(t, α)

)2
dt (7)

=

∫ ∞

−∞

(−r2(t) + 2r(t)s(t, α)− s2(t, α)
)

dt. (8)

Since the received signalr(t) is not a function ofα̂, ands(t, α̂) is constant-envelope, it is equivalent to
maximize the correlation

J(α̂) =

∫ ∞

−∞
r(t)s(t, α̂) dt. (9)

Computing this correlation for all possiblêα is not feasible in practice, even for reasonably short data
bursts. It is possible to computeJ(α̂) recursively, by defining

Jn(α̂) =

∫ (n+1)T

−∞
r(t)s(t, α̂) dt (10)

= Jn−1(α̂) + Zn(α̂n, θ̂n) (11)

where

Zn(α̂n, θ̂n) =

∫ (n+1)T

nT

r(t) cos
(
2πfc + θ(t, α̂n) + θ̂n

)
dt. (12)

Zn(α̂n, θ̂n) can be viewed as the output of a filter sampled att = (n + 1)T , the input to the filter being
r(t). Over each symbol interval, the receiver correlates the received signal with every possible transmitted
sequence (there arepML possibilities). By applying trigonometric identities,Zn(α̂n, θ̂n) can be expressed
as [2]

Zn(α̂n, θ̂n) = cos(θ̂n)

∫ (n+1)T

nT

Î(t) cos
(
θ(t, α̂n)

)
dt

+ cos(θ̂n)

∫ (n+1)T

nT

Q̂(t) sin
(
θ(t, α̂n)

)
dt

+ sin(θ̂n)

∫ (n+1)T

nT

Q̂(t) cos
(
θ(t, α̂n)

)
dt

− sin(θ̂n)

∫ (n+1)T

nT

Î(t) sin
(
θ(t, α̂n)

)
dt

(13)
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Figure1: Noncoherent receiver structure

with Î(t) andQ̂(t) being the received quadrature components

Î(t) =

√
2E
T

I(t) + x(t)

Q̂(t) =

√
2E
T

Q(t) + y(t)

(14)

whereI(t) andQ(t) are the transmitted quadrature components andx(t) andy(t) are additive noise. This
structure forZn(α̂n, θ̂n) can be interpreted as4ML baseband filters.

Since everyα̂n has a corresponding−α̂n, andcos(−ψ) = cos(ψ) and sin(−ψ) = − sin(ψ), the
number of filters can be reduced by a factor of two, for a final count of2ML matched filters. The out-
puts of these filters are sampled at the end of each symbol interval to produce the metricsZn(α̂n, θ̂n)

in (13). These branch metrics are added to the appropriate cumulative metricsJn−1(α̂) in (11), and the
sequencêα corresponding to the largest metric finalJ∞(α̂) is the maximum likelihood estimate of the
transmitted sequenceα. In the following, the receiver complexity will be referenced by the ordered pair
(number of states, number of MFs), i.e. (512, 128). The general expression for the MLSE receiver com-
plexity is (pML−1, 2ML).

NONCOHERENT SEQUENCE ESTIMATING RECEIVER

A noncoherent receiver can be derived with a similar structure. The receiver consists of a bandpass
filter, an FMD, and Viterbi processor, as shown in Figure 1. The output of the FMD is modeled as

y(t) = w(t) + ν(t) (15)

wherew(t) is the signal element andν(t) is additive noise. Ignoring the effect of filtering and noise for
a moment, the ideal output of the FMD is the time-derivative of the transmitted signal’s phase, i.e. the
instantaneous frequency

φ̇(t, α) = θ̇(t, αn) (16)

= π

n∑
i=n−L+1

αihiq̇(t− iT ) (17)

= π

n∑
i=n−L+1

αihig(t− iT ) (18)



wherethe dot notation indicates the time derivative. The instantaneous frequencyφ̇(t, αn) forms a trellis
that is defined alone by the correlative state vectorαn = (αn−1, αn−2, . . . , αn−L+1). This is because the
phase stateθn is not a function of time and thus has a derivative of zero. The memory in the modulation
(L), and the memory of the filter both have the effect of introducing intersymbol interference (ISI). If the
impulse response of the bandpass filter has a durationLF T , then the combined memory of the modulation
scheme and the filter isL + LF symbols. Now the effect of filtering can be included. The signalw(t) is
the noiseless result of passing the transmitted signals(t) through the bandpass filter and FMD. There are
ML+LF possibilities forw(t): ML+LF−1 states andM branches at each state [3].

The noise at the output of the FMDν(t) is viewed as being additive white Gaussian noise in order to
motivate the analysis. The Gaussian assumption is not true in general but is reasonable and has been used
previously [2, 3]. With this assumption in place, the Viterbi algorithm finds theα̂ that maximizes the log
likelihood function

Λ(α) ∼ −
∫ ∞

−∞

(
y(t)− w(t, α)

)2
dt (19)

=

∫ ∞

−∞

(−y2(t) + 2y(t)w(t, α)− w2(t, α)
)

dt. (20)

They2(t) term can be ignored in the maximization because it is not a function ofα̂. The other terms can
be expressed recursively in terms of a cumulative metricJn(α̂), a branch metricZn(α̂n), and a signal-
squared termS(α̂n)

Jn(α̂) =

∫ (n+1)T

−∞
y(t)w(t, α̂) dt− 1

2

∫ (n+1)T

−∞
w2(t, α̂) dt (21)

= Jn−1(α̂) + Zn(α̂n)− S(α̂n) (22)

where

Zn(α̂n) =

∫ (n+1)T

nT

y(t)w(t, α̂n) dt (23)

S(α̂n) =
1

2

∫ (n+1)T

nT

w2(t, α̂n) dt (24)

The branch metricZn(α̂n) can be viewed as the output of a filter sampled att = (n + 1)T , the input
to the filter beingy(t). Due to the positive/negative symmetry of sine and cosine (and thusw(t, α̂)), the
total number of filters needed in the VA isML+LF /2. The termS(α̂n) is a function alone of theL + LF

symbols associated with theML+LF branches in the trellis, thus theML+LF /2 possible values can be
computed offline and stored in memory. Since the receiver uses noncoherent demodulation and applies
sequence estimation, it is referred to as the NCSE receiver.

An approximation can be made to the NCSE receiver by ignoring to some degree the ISI introduced by
the bandpass filter. The complexity can be reduced by selectingL′F ≤ LF , and letting the number of states
in the trellis beML+L′F−1 and the number of MFs beML+L′F /2. The receiver is referred to as NCSE(L′F )

and its complexity is expressed by(ML+L′F−1,ML+L′F /2).
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Figure 2: a) Comparison of 3 receivers for spectrally similar multi-h (solid lines) and single-h (dashed lines)

schemes. Multi-h: M = 4, 3RC with h = {4/16, 5/16}. Single-h: M = 4, 3RC with h = 1/4. For multi-h,

NCSE(1) has6 dB loss relative to MLSE at BER =10−6, and NCSE(0) has additional loss of1 dB. The2.5 dB gain

of the coherent multi-h over the single-h is lost when using noncoherent detection. b) Comparison of 4 receivers for

binary MSK, the bandpass filter length isLF = 2. At BER = 10−6, NCSE(2) has a loss of only1 dB relative to

MLSE. The NCSE(0) (which is just a MF in this case) has a loss of5 dB.

SIMULATION RESULTS

A few simulation test cases are presented to compare the performance of the noncoherent receiver with
the coherent MLSE receiver. Any given CPM scheme can be specified by giving the values ofM (the size
of the signal alphabet, i.e. binary,4-ary, etc.),L (the length of the pulse in terms of symbol intervals), the
pulse shape (raised cosine, rectangular), and the values ofhi.

The first CPM scheme considered in the simulations isM = 4, 3RC withh = {4/16, 5/16} (meaning
L = 3, raised cosine pulse, and twohi’s: 4/16 and5/16). The bandpass filter has a1RC impulse response
(raised cosine impulse response with lengthLF = 1). Three different receivers were simulated: coherent
MLSE, NCSE(1), and NCSE(0). The receivers have a complexity of(512, 132), (64, 128), and(16, 32)

respectively. The results are shown in Figure 2 a). Of the six curves shown, the three solid curves are
for this multi-h scheme using the three receivers. The multi-h scheme is compared to a spectrally similar
single-h scheme (M = 4, 3RC withh = 1/4), which corresponds to the three dashed curves. Comparing
the 3 solid curves first, it is observed that at a BER of10−6, NCSE(1) has a6 dB loss relative to MLSE,
and NCSE(0) has an additional loss of1 dB.



Comparingthe multi-h and single-h schemes (solid and dashed lines respectively), in the coherent
MLSE case, a gain of2.5 dB (at BER =10−6) is obtained by using the multi-h scheme over the single-
h scheme, both of which have similar spectral occupancy. This comes with a complexity increase of
(512, 128) for multi-h over (128, 128) for single-h. For the NCSE(L′F ) this multi-h performance gain is
largely lost. This is because multi-h schemes have the effect of increasing the phase distance between
different paths through the phase trellis. This additional phase distance is lost when the signal is passed
through the FMD, which accounts for the very similar noncoherent performance of the multi-h and single-
h schemes (the tight grouping of the four curves in Figure 2 a). This result is not surprising since the
complexity of the noncoherent receivers is the same for both single-h and multi-h (i.e. the complexity is
independent of the choice ofhi, not so with MLSE) ; the performance gain would not be expected without
an increase in complexity.

The second CPM scheme considered in the simulations isM = 2, 1REC withh = 1/2, commonly
known as binary MSK (rectangular pulse shape). The bandpass filter in this case was given a2RC impulse
response. Four receivers were simulated: MLSE, NCSE(2), NCSE(1), and NCSE(0). These receivers
have complexity of(4, 4), (4, 4), (2, 2), and(0, 1) respectively. The results are shown in Figure 2 b).
At BER = 10−6, the overall spread between the best (MLSE) and the worst (NCSE(0)) is 5 dB. The
NCSE(0) is simply one MF for this CPM scheme. Also of note is that the NCSE(2) receiver is only
slightly more than1 dB worse than the MLSE receiver. This is a small performance tradeoff from coherent
to noncoherent detection (the two have the same trellis complexity otherwise).

DISCUSSION AND CONCLUSIONS

The NCSE receiver presented here is a viable alternative to the existing MLSE receiver. In most cases
it has significantly lower complexity and it does not require coherent detection. The performance loss rel-
ative to the MLSE receiver is a function of the particular CPM scheme used. In the simulations presented
here, the performance loss ranged from1–6 dB. This degree of loss is tolerable in applications where the
selection of CPM is motivated more by spectral usage concerns than by link margin concerns and where
lower complexity is desired. The NCSE receiver also allows for the use of existing FM demodulators.

One area of future work may be in the selection of the bandpass filter used in front of the FMD. This
could be done in such a way as not to introduce additional ISI, and therefore not increase the complexity
of the NCSE receiver. There are also complexity reductions that can be applied to reduce the size of the
trellis due to the ISI introduced by the modulation [2]. Work can also be done in deriving an analytical
expression for the performance of the noncoherent receiver. This might uncover additional insights beyond
those found in the simulations presented here.
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