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Abstract—This paper considers iterative detection of bit-inter-
leaved coded continuous phase modulation in the presence of both
phase noise (PN) and additive white Gaussian noise (AWGN). The
proposed receiver iterates between a detection module and an
estimation module. The detection module operates according to
the sum-product algorithm and the factor graph framework in
order to perform coherent maximum a posteriori bit detection in
AWGN, using a PN estimate provided by the estimation module.
The latter module, which results from the expectation-maximiza-
tion algorithm for maximum likelihood estimation of the unknown
PN samples, is implemented as a smoothing phase-locked loop
that uses soft decisions provided by the detector. The separation
between the detection and the estimation modules allows the use
of an off-the-shelf (coherent) bit detector. The technique is further
characterized by a very low computational complexity, a small
error performance degradation and a small number of overhead
symbols.

Index Terms—Belief propagation, bit-interleaved coded modula-
tion, continuous-phase modulation (CPM), factor graph, iterative
estimation and detection, phase noise tracking, sum-product algo-
rithm, turbo carrier synchronization.

I. INTRODUCTION

T HIS paper is concerned with the derivation of a practical
receiver for bandpass communication of bit interleaved

coded continuous phase modulated (BIC-CPM) signals over a
typical satellite channel and affected by phase noise.

In bandpass communication systems, imperfections in the os-
cillators, used for up- and downconversion at transmitter and re-
ceiver, cause random perturbations in the phase of the received
base-band signal. These random perturbations are referred to
as phase noise (PN). The PN process typically has a low-pass
spectrum. A description of the characteristics of oscillator PN
is given in [1] and [2]. The presence of PN can considerably
degrade the overall system performance when left unaccounted
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for. For this reason it must be dealt with, either by a processing
unit external to the detector, or by the detector itself.

BIC-CPM is a combination of continuous phase modulation
(CPM) and bit interleaved coded modulation (BICM). CPM is
a modulation method commonly used in wireless modems [3].
The transmitted CPM waveform has a constant envelope, and its
phase is a continuous function of time that changes according to
the digital information to be transmitted. CPM is attractive be-
cause of its high power and spectral efficiency, and because of its
robustness to nonlinearities. CPM is also well suited for use in
BICM schemes. BICM is a pragmatic yet powerful coding tech-
nique to improve system performance [4]. Well-known binary
channel encoders are combined with basic off-the-shelf modu-
lators, with a bit interleaver connecting these two entities. Al-
though the optimal (coherent) symbol-by-symbol detection [5]
of a BICM signal is prohibitively complex, there exist approxi-
mate iterative detectors with reasonable complexity that yield a
very good performance. Such practical detectors can be derived
from the sum-product algorithm and the factor graph framework
[6].

During the last decade, several advanced techniques have
been proposed for iterative bit detection of coded signals
affected by PN ([7]–[16], and references therein). These
techniques make use of ‘turbo’ estimation [17]: using pilot
information, an initial estimate of the PN is obtained; this initial
PN estimate is iteratively improved by also exploiting decisions
on the data symbols, obtained from the decoder that uses the PN
estimates from a previous iteration. The resulting algorithms
strongly depend on the specific modulation format used. In
[7]–[9], novel PN estimation and compensation techniques were
developed for multicarrier systems using orthogonal frequency
division multiplexing (OFDM) as the modulation type. These
techniques go beyond the estimation/compensation of only the
common phase error by also considering the time variation of
the PN within an OFDM symbol interval, in order to also mit-
igate the PN-induced intercarrier interference. Their operation
is based on the estimation of (a small number of) coefficients of
the discrete Fourier-series expansion of the time-varying phasor
over the OFDM symbol interval. Phase-noise compensation is
achieved by performing a convolution in the frequency domain.
Iterative estimation and detection for single-carrier systems
affected by PN is considered in, e.g., [10]–[16]. Considering a
single-carrier system and a multicarrier system operating at the
same baudrate, the former has a constellation symbol interval
which is much smaller than the symbol interval of the latter.
Hence, in single-carrier systems, one PN estimate per symbol
interval is generated, and the time-variation of the PN is tracked
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from one symbol to the next. PN compensation is achieved by
multiplication in the time-domain. References [15] and [16]
consider adaptive PN tracking algorithms for generic coded
single-carrier systems. References [10] and [12] deal with
coded single-carrier systems using linear modulation. In [12],
the PN tracking is accomplished by means of a decision-aided
discrete-time phase-locked loop (PLL). In [10], the PN is rep-
resented as a truncated expansion of discrete-cosine transform
basis functions over the duration of the data burst, and the co-
efficients of these basis functions are iteratively estimated. The
work presented in [11], [13], [14], and [18] focuses explicitly
on CPM, which is also the topic of the present paper. In [11],
[13], and [14], three different receiver structures have been
proposed which exhibit a very good performance-complexity
tradeoff. However, all these schemes require a modification
of the detection operation compared to transmission without
PN. From an implementation perspective, it is preferable that
the PN is dealt with by an external processing unit, such that
an off-the-shelfconventional coherent BIC-CPM bit detector
can be used (as in [12] and [18]). The present paper provides a
novel solution in that sense. It proposes a receiver that iterates
between a conventional detection module and an estimation
module. The latter module is implemented as a low-complexity
first-order soft-decision-directed smoothing PLL [19]. The
estimation is based on the expectation-maximization algorithm
[20] and extends to CPM the method for linear modulation
derived in [12].

The proposed receiver has a very small computational over-
head compared to a coherent detector designed for transmission
without phase noise. Its complexity is comparable to that of the
simplified version of the algorithm from [15] (denoted A-SISO-
sing); it is significantly less complex than the BIC-CPM re-
ceivers presented in [13], [14], and [18]. Numerical results fur-
ther show that, at a packet error rate of , our approach per-
forms within 1 dB of the optimum coherent detector with per-
fect phase information [11], which serves as a suitable bench-
mark. For the CPM parameters yielding high spectral efficiency,
a significant error performance improvement with respect to the
A-SISO-sing approach is also observed.

II. SYSTEM MODEL

The following system model is considered. The transmitter
encodes the -element information bit vector into a
vector of coded bits . This vector of coded bits is
subsequently interleaved and mapped to an element symbol
vector , with taking values from the -ary
alphabet , with . The
resulting symbol consists of data symbols and
a limited amount of overhead symbols ( , see
also Section III-F). The resulting symbol vector is then used to
generate the complex envelope of the CPM signal

(1)

(2)

Here, is the symbol period and is the modula-
tion index ( and are relatively prime integers). The func-
tion is the phase-smoothing response, which is related to
the frequency pulse by the relationship .
The pulse is time-limited to the interval and satis-
fies the conditions and .
It follows from the boundary conditions on that
for and for . Using this, we can rewrite
(2) for as

(3)

where . The quantity in (3) describes the CPM
state transition during the th symbol interval

(4)

with an element vector denoting
the CPM state at time instant and

(5)

The first element of the CPM state vector is referred to
as the phase state. When is even, .
When is odd, belongs alternately to
and . For take values from

. At each time instant the CPM transmission scheme has
possible states. Given the symbol vector and

starting from a given initial CPM state , the vectors , with
, can be computed recursively according to

the following equations:

(6)

(7)

(8)

where denotes modulo-2 reduction of to the interval
.

We consider the transmission of the signal over an ad-
ditive white Gaussian noise (AWGN) channel, which is typical
for satellite communications. It is assumed that is band-lim-
ited—although this is not strictly true in the case of CPM signals
whose spectrum has an infinite support- with bandwidth lower
than , where is a proper integer. The received base-
band signal is low-pass filtered and sampled at samples
per symbol interval. It is further assumed that the spacing be-
tween the carrier frequencies that are assigned to different users
is sufficiently large, such that the leakage of the neighboring
signal energy into the desired frequency band can be safely ig-
nored1. The observed samples , with ,
can then be modeled as

(9)

1An important CPM system design parameter is the product of the spectral
channel spacing �� and the symbol duration � . A higher value of ��� �

� � decreases the inter-channel interference, but comes at the cost of a reduced
spectral efficiency; i.e., the number of transmitted information bits per second
per Hertz, or, � ��� � �� � � �.
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where is given by (1), represents the
PN disturbance and are zero-mean complex AWGN samples
with variance equal to ; the first term in (9) has unit
power. It is the task of the receiver to recover from the value
of the information bits .

In the next section a new receiver algorithm is derived which
assumes that the PN is a slowly varying random process
that can be considered constant over the duration of a symbol
interval 2. We define the PN vector with
denoting the value of during the th symbol interval

. This corresponds to the assumption that, in (9),
for . The

assumption is valid when most of the PN power is located in
an interval , with . Moreover, it should be
noted that in Section VI the performance of this algorithm will
be investigated for actual PN that is allowed to vary within a
symbol interval (samples are generated at a rate

), whereas the receiver estimates only one PN sample per
symbol interval.

III. PROPOSED RECEIVER

A. Maximum a Posteriori Detection

If an information bit is detected erroneously at the receiver,
a bit error occurs. Optimal detection, which minimizes the bit
error probability is achieved by maximum a posteriori (MAP)
bit decision of the individual information bits . The corre-
sponding bit-by-bit MAP detector maximizes the a posteriori
probability (APP) with respect to [5]

(10)

B. Coherent Detection

When the phase vector is known at the receiver, the APPs
involved in (10) can be computed efficiently by ap-

plying the sum-product (SP) algorithm to a factor graph (FG)
representing a suitable factorization of the joint APP
[6]; here, the vector contains the samples from (9) and is
to be considered as a parameter (rather than an argument) of the
joint probability. This factorization results from the CPM state
(6)–(8) and is given by

(11)

where

(12)

2A similar assumption was made in [12]–[15], [18].

(13)

(14)

and equals one when its arguments satisfy
(4) and (6)–(8), and zero otherwise.

The FG representing the factorization (11) is shown in
Fig. 1. It consists of a set of function nodes (one for each
factor in (11)) that are connected by variable edges (one for
each variable in (11)). An approximation of the marginals of

can be obtained efficiently by passing
messages along the edges of the FG from Fig. 1, from one node
to an other. Each variable edge in Fig. 1 carries two messages,
one in each direction; both these messages are a function of the
associated variable. Fig. 2 zooms in on the messages along the
lower edges of the FG of and introduces
the short-hand notations , , , and

for the nontrivial messages on the edges and
. Messages entering the FG on half-edges (e.g., edge )

are identically equal to 1. The other messages are computed
according to the SP algorithm [6] in the originating function
nodes (e.g., is computed in node ); this computation
requires the knowledge of the incoming messages on all other
edges connected to that same node (e.g., computing
requires knowledge of and ). Multiplying the two mes-
sages on a given variable edge yields (an approximation of) the
marginal APP of this variable, within a normalization constant.
For example, on edge

(15)

Message passing on a FG that corresponds to a tree is straight-
forward and yields the exact marginals. When a FG contains
cycles (i.e., paths from a node to itself via other nodes; e.g., be-
tween CPM constraint nodes and code constraint node in Fig. 1)
the message passing is an iterative process that, even after con-
vergence, yields only an approximation of the marginals. In the
latter case, one also must decide on a particular initialization
and scheduling strategy. The strategy that is commonly used by
the coherent detector derived from Fig. 1 is outlined in Algo-
rithm 1. From a practical point of view, message passing on a
FG boils down to exchanging soft-information (messages) be-
tween several soft-input soft-output (SISO) receiver modules.
Conventionally, the CPM constraint nodes ,
are grouped into a single SISO module that is efficiently imple-
mented by using the BCJR algorithm [21], as indicated in step
COH-2 of Algorithm 1. The coherent detector can schematically
be represented as depicted in Fig. 3(a), where CPDEM stands
for continuous phase demodulation and DEC/M refers to a joint
decoding and demapping unit.

C. Noncoherent Detection

When the phase vector is unknown at the receiver, the
APPs involved in (10) can, in principle, be obtained
as marginals of the joint APP . However, in this case
the framework of the sum-product algorithm and factor graphs
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Fig. 1. FG of ��� � �� ���� � ���� �� �� ����� � �� ����.

is not the appropriate way to compute these marginals because
is continuous-valued. While discrete variables can usually

be handled very efficiently by the sum-product algorithm,
continuous variables lead to intractable integrals. On top of
that, the messages over the corresponding edges are probability
density functions rather than probability mass functions (the
latter have convenient vector representations). Therefore, the
question arises how the messages that correspond to continuous
variables should be represented.

A straightforward solution is obtained by discretizing the
phase noise variables . Provided that the number of dis-
cretization levels is taken large enough, the performance of the
resulting receiver approaches that of the true optimal nonco-
herent MAP bit detector. The latter approach will be referred

Fig. 2. Messages along lower edges of the FG of ���� �� �� ����� � �� ����.

Fig. 3. FG-based receiver schemes.

to as the dp-algorithm. The corresponding receiver scheme is
shown in Fig. 3(e). The coherent SISO CPDEM unit in the
scheme of the coherent receiver from Fig. 3(a) is replaced with
a noncoherent SISO CPDEM block that performs noncoherent
soft continuous phase demodulation by exploiting the phase
noise statistics.

D. Proposed Receiver

Instead of noncoherent detection, a more ad-hoc, yet simpler,
solution is to use a two-stage receiver structure. First, an esti-
mate of the continuous-valued PN vector is derived from
the observation . Then, the information bits are coherently
detected assuming ideal knowledge of the phase vector, i.e., as-
suming that .

The two-stage receiver structure requires a PN estimator to
provide an estimate of to the coherent detector. Applica-
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tion of the expectation-maximization (EM) algorithm [20] to the
maximum likelihood estimation of would yield the following
iterative estimation process:

(16)

where

(17)

(18)

and given by (14). An approximation of the APPs

easily results from the coherent detector that op-
erates according to the SP algorithm on the FG representing the

factorization (11) and that considers as the true PN vector.
It suffices to also evaluate, after convergence of the iterative
process in Algorithm 1, the messages . According to the

SP algorithm, we have, with

(19)

where satisfies (4) and (6)–(8).
Straightforward application of the EM algorithm thus results

in a receiver that iterates between a coherent detector and a PN
estimator. During the th iteration, the PN estimator provides an

estimate of the PN vector to the coherent detector. The co-
herent detector assumes that equals the true PN vector; it ap-

plies carrier phase correction based on , and computes APPs
of the transitions by applying the SP algorithm on a FG. The
PN estimator uses these APPs in the next iteration to compute

the PN vector estimate , which is fed to the coherent de-
tector for carrier phase correction and APP computation. When
these iterations have converged, the coherent detector evaluates
the information bit APPs using the FG framework and outputs
information bit decisions that maximize these APPs.

In principle, the coherent detector, which itself involves an
iterative process (of demapping and decoding), has to converge
for each estimator iteration. The computational complexity of
the receiver reduces significantly when the estimator iterations
and the detector iterations are intertwined [12], [18]. The
th iteration then consists of an estimator iteration (resulting

in ) followed by only one detector iteration (resulting in

), without resetting the messages along the edges
of the FG. The resulting receiver operation is outlined in
Algorithm 2.

To avoid the multidimensional maximization in (16)
that results from the EM algorithm, we use a first-order

smoothing phase-locked loop (PLL) to compute from

. During the th iteration,
this PLL makes use of the phase error detector function

, which is proportional to the deriva-

tive of with respect to . Given an
initial estimate , a forward PLL recursion computes the
estimates for according to

(20)

where depends on the PN vector estimate
from the previous iteration [see (18)]. Next, given an initial esti-
mate , a backward PLL recursion computes the estimates

for according to

(21)

Finally, the th element of the PN estimate
delivered to the coherent detector is the

arithmetical average of and

(22)

The latter operation is referred to as smoothing. The parameter
in (20)–(21) determines the bandwidth of the PLL: increasing
improves the PN tracking capability, but at the same time

increases the sensitivity to AWGN. Note from (20)–(21) that

is based on , whereas

is based on , such that

depends on all past, present and future observations. The
resulting receiver algorithm, which combines conventional co-
herent SISO CPM demodulation with an external bidirectional
smoothing PLL, is denoted SISO PLL BiS.

Further simplification can be taken by removing the backward
phase estimator, i.e., by setting

In this case, the smoothing PLL reduces to a conventional PLL
that performs forward-only (FO) phase tracking. This approach
will be referred to as SISO PLL FO.
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A schematical view of the proposed receiver is presented in
Fig. 3(b). The coherent receiver from Fig. 3(a) is extended with
a separate subsystem that performs PLL-based phase tracking.

E. Cycle Slipping

If the code structure is disregarded, the set of CPM signal
waveforms (5) is invariant under a rotation over an angle .
As a result, the employed PLLs cannot distinguish between an-
gles and with . In other words,
the PLL has infinitely many stable operation points, which are
spaced by . Although the rotational invariance is affected
by the code structure, the usual estimation ambiguity due
to the symmetry of the CPM scheme remains apparent [12]. In
steady-state operation, the carrier phase estimate exhibits small
random fluctuations about a stable operating point. Occasion-
ally, noise or other disturbances push the estimate away from the
current stable operating point, into the domain of attraction of a
neighboring stable operating point. This phenomenon is called
a cycle slip. After this, the estimate remains for some time in
the close vicinity of the new operating point, until the next slip
occurs.

In the case of a conventional PLL (PLL FO), cycle slips man-
ifest themselves as occasional phase shifts over . When a
smoothing PLL (PLL BiS) is employed, a cycle slip results in a
phase shift of (instead of ) because the arithmetical
average of forward and backward estimates is computed. It is
known that CPM detectors can tolerate phase shifts of even mul-
tiples of , but not of odd multiple of . A cycle slip
event is therefore likely to prevent error-free decoding when a
smoothing PLL is employed, while it hardly has any effect on
the detection process in the case of FO phase tracking. Similar
observations were made in [13] and [14]. The probability of a
cycle slip increases exponentially with the mean square phase
error (MSPE) and linearly with the block length

. For BIC-CPM systems (like BIC-CPM 0 from Table III) with
large that operate at low values of , cycle slipping may
be a major performance limiting factor of the SISO+PLL BiS re-
ceiver.

F. Overhead Symbol Exploitation

In many practical scenarios, phase forcing sequences (i.e.,
short data dependent overhead symbols that force the CPM
signal to pass through a known phase state ) and known
pilot symbols (PS) are multiplexed with the transmitted data
symbols. They are meant for frequency and timing synchroniza-
tion purposes at the receiver, or to improve the performance of
the SISO CPM demodulator by increasing the a priori informa-
tion about the final CPM state. The phase tracking process can
of coarse only benefit from also exploiting the available a priori
information brought by these overhead symbols. Assuming
that is a PS with true value , we distinguish between the
following two situations:

1) The value of the CPM state at the start of the th symbol
interval is not known at the receiver. The following down-
ward messages are used in the CPM SISO module, during
all receiver iterations: .

2) The true value of is known at the receiver, such that
the waveform transmitted in is perfectly
known. Hence, in (20), (21), (24), and (26) we set

, where .
Only a marginal effect can be expected from this exploitation
because, for efficiency reasons, the number of overhead symbols
needs to be kept small as compared to .

G. Initialization of PLL Recursions

The forward and backward recursions (20)–(21) of the PLL
must be initialized with estimates and , respectively.
We take , indicating that the phase estimate at
the end of the forward recursion is used as initial value for the
backward recursion. We further take , with

1) denoting the phase estimate resulting from a short se-
quence of known preamble symbols (that precedes the ac-
tual data symbols), over which the phase is assumed to be
constant. Hence

(23)

The summation in (23) is over all preamble symbol inter-
vals and denotes the true value of , fully determined
by the value of the pilot symbols and by the value of the
initial CPM state.

2) equal to zero, i.e., , in the absence of a preamble.
The disadvantage of this approach is the occurrence of a
transient at the start of the burst, during which period the
phase error can take large values.

H. Initialization of Estimator Iterations

According to Algorithm 2, an initial vector estimate
is needed (step PROP-1) to start the iter-

ations of the proposed receiver. A practical way to circumvent
this requirement is to replace the forward and backward phase
update rules (20) and (21) by

(24)

with

(25)

(26)

with

(27)

Starting from , forward PN estimates are
computed for according to (24)–(25).

The quantities in (25) are forward-only CPM

state transition APPs, with collecting the PN sample es-
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timates for and a vector that con-
tains the first samples from (9). Then, starting from

, backward PN estimates are computed for
according to (26)–(27). The quantities

in (27) are backward-only CPM state transi-

tion APPs, with collecting the PN sample estimates
for and a vector that contains the
last samples from (9). A hard-decision-di-
rected version of (24)–(27) is employed in one of the receivers
proposed in [15] (this will be further discussed in Section IV).
Unfortunately, in general, the forward-only and backward-only
CPM state transition APPs required by (26)–(27) do not result
as easily from the conventional coherent detector as the cor-
rect CPM state transition APPs used in (18), (20)–(21). For a

BIC-CPM receiver to produce estimates of

and , it requires the modification of the de-
tector operation, which in turn prevents the use of off-the-shelf
coherent bit detectors.

In order to avoid this, we will use (24)–(27) only to initialize
the receiver described by Algorithm 2. With , one for-
ward and one backward PLL recursion is performed, while the
data symbols are assumed to be statistically in-
dependent. The corresponding FG consists of the lower part of
Fig. 1 (i.e., the code constraint node and the interleaving map-
ping constraint node are removed), and, therefore, is cycle-free.
In this case, the forward-only and backward-only CPM state
transition APPs can be efficiently computed according to the
BCJR algorithm [21]. The resulting forward recursion computes

for according to

(28)

where the sum is over all CPM state transitions that can
precede the CPM state transition [according to (4) and
(6)–(8)]. For , we have

where and equals 1 when the CPM
state transition departs from the given initial CPM state ,
and zero otherwise. Similarly, a backward recursion computes

for according to

(29)

where the sum is over all CPM state transitions that can
succeed the CPM state transition [according to (4) and
(6)–(8)]. For = , we have

with . We note that the above recursions are
perfectly compatible with the phase update recursions (24) and
(26). Combining (28) with (24)–(25), [(29) with (26)–(27)] al-
lows the joint computation of the forward (backward) PN es-
timates and the required forward-only (backward-only) CPM
state transition APPs at discrete time instant . Finally, the arith-
metical average of the resulting estimates and is

computed and delivered as the initial estimate to the re-
ceiver from Algorithm 2. The computational complexity of this
initialization process (which has to be executed only once at the
start of the iterations) is proportional to the number of CPM
states and to the length of the received signal.

IV. COMPARISON WITH EXISTING ALGORITHMS

The receiver from Algorithm 2 and Fig. 3(b) employs a con-
ventional coherent BIC-CPM symbol detector. To cope with the
presence of PN in the received signal it is equipped with an ex-
ternal module for PN estimation that introduces very little com-
putational and symbol overhead. By iterating between the de-
tection and the PN estimation module, the receiver implements
an approximate implementation of the EM algorithm.

During the last decade, several other techniques [17], [16]
have been proposed for iterative symbol-by-symbol detection
of BICM signals affected by both AWGN and PN.The linear
modulation counterpart of the proposed receiver was presented
in [12]. Considering CPM leads to a more complicated receiver,
as the messages coming from the soft decoder and
demapper are not readily suited to be fed directly to the PLL
(as is the case in [12]). In order to benefit from the smoothing
gain addressed in [19], the conventional PLL employed in [12]
is replaced with its smoothing variant [14], [19].

The BIC-CPM receiver from [18] for transmission over fast
flat Rayleigh fading channels can also be used for a PN af-
fected signal. We can indeed interpret the values , for

, of the phasor associated with the PN distortion
during the th symbol interval as unknown (complex-valued)

channel coefficients. The operation of the receiver in [18] also
results from the EM algorithm; it uses feed-forward (FF) linear
minimum mean square error (LMMSE) estimation (rather than
PLLs) to generate an estimate of the channel coefficient vector
at each detector iteration. Straightforward application of the al-
gorithm from [18] to the problem of estimating the phasor vector

from the PN and AWGN affected received BIC-CPM signal
yields

(30)

with and defined as

(31)

where is given by (14) and the APPs
result from a coherent detector that operates according to the
SP algorithm on a FG representing a suitable factorization

and that considers as the true PN-re-
lated phasor vector. In (30), is the autocorrelation matrix of



4278 IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 59, NO. 9, SEPTEMBER 2011

the vector . Assuming that is Gaussian
with autocorrelation matrix , one obtains

To reduce the computational complexity, the estimator and
detector iterations can be intertwined. The matrix inversion
in (30) does not need to be recomputed at each iteration, but
the computational load of the vector-matrix multiplication
in (30) is nevertheless higher than that of the bi-directional
recursive smoothing process from (20)–(22) (2 versus only
3 real-valued multiplications (and additions) per transmitted
symbol). This receiver scheme will be referred to as SISO FF
LMMSE; it looks exactly like that of Fig. 3(b), but with the
PLL phase tracker replaced with a unit that performs the
feed-forward phasor estimation process from (30). In [18], the
initial PN estimate is provided by the estimation algorithm pre-
sented in [22]. This approach relies on the periodical insertion
(e.g., once every or 20 symbols) of phase forcing
sequences. For an arbitrary CPM format, the required length

of such a sequence is

where returns the smallest integer larger than or equal
to . The disadvantages of this technique are the strict require-
ments imposed on the burst structure and the symbol overhead
which (especially for CPM formats with ) quickly
results in an adverse effect on the system’s power and band-
width efficiency. Let us consider the BIC-CPM 2 signal ex-
ample: and (see Table III), then

and , which yields a symbol overhead of already
20%.

Receivers that (in contrast to the proposed one) modify the
detection operation itself (in order to make it robust against PN)
are presented in [22], [14], [15], [13]. Given , the receiver
in [13] produces an estimate of the information bits ac-
cording to the MAP bit detection rule (10). An estimate of the
APPs required to implement (10) are derived from the
FG framework. Using Bayes’ rule, can be factorized
as follows:

(32)

where is the a priori probability density function of the PN
vector and can be further factorized as in (11). In
(32), is considered as a random variable (rather than a param-
eter as in (11)). The practical implementation of the receiver in
[13] results from the further factorization of that is based
on the assumption of Wiener PN, i.e.

Furthermore, to circumvent the complexity increase that typ-
ically results from the straightforward application of the SP
algorithm to a FG containing continuous-valued variables
(such as ), [13] adopts an approximation involving canonical
Tikhonov distributions (Tikh-SISO algorithm). The paper also

considers a more straightforward solution which is obtained
by discretizing the phase noise variable (dp-SISO algorithm).
The receiver scheme from Fig. 3(c) applies. In order to further
reduce the complexity of the noncoherent CPM-related SISO
unit, the factorization of is based on a truncated
Laurent decomposition of the transmitted CPM signal [23].
Only the so-called principle components of the Laurent decom-
position are taken into account. This approximation reduces the
number of trellis states from to .

Another type of receivers that modify the detection operation
is presented in [14], [15]. In these contributions per survivor
PN estimates are used inside one of the inner SISO modulesof
an iterative detector in order to cope with PN uncertainty;
the considered module is said to execute an adaptive SISO
(A-SISO) algorithm. Applying the approach from [14], [15] to
the CPM-related SISO module of the conventional BIC-CPM
detector involves running forward and as much back-
ward PLL recursions, for each detector iteration. Hence, the
complexity overhead introduced by these per-survivor-pro-
cessing-based PN-tracking implementations (as compared to
conventional coherent detection) is about times as high
as in the case of the proposed receiver that uses only one
PLL. However, [16], [14], [15], [13], and [18] also mentions
a simplified version of its main algorithm that uses only one
(rather than ) PN tracking PLL. During iteration , this
low-complexity A-SISO-sing receiver executes the following
adaptive SISO module that replaces the set of CPM constraint
nodes in the FG of Fig. 1.

1) Forward messages , approximate for-

ward-only CPM state transition APPs
and forward phase estimates and are computed by
means of a forward recursion, for . The
rule for computing results from applying to
the CPM trellis a forward BCJR recursion that considers
the forward phase estimates as the true phase sam-
ples and the messages (see Fig. 2) available from
the interleaving and mapping constraint node of the FG
as (unnormalized) data symbol a priori probabilities. This
yields

where the summation is with respect to all for
which satisfies (4) and (6)–(8). Similarly,

the approximate APPs are computed as

The forward phase estimates are updated according to (24),
but with hard rather than soft CPM state transition deci-
sions, i.e.

(33)
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Given , evaluating (33) requires 5 times less oper-
ations (real comparisons, real additions or real multiplica-
tions) than evaluating (18).

2) Backward messages , approximate back-

ward-only CPM state transition APPs
and backward phase estimates are computed by
means of a backward recursion, for .
The update rule for results from applying a
forward BCJR recursion that considers the forward phase
estimates as the true phase samples and the mes-
sages (see Fig. 2) computed in the interleaving and
mapping constraint node of the FG as (unnormalized) data
symbol a priori probabilities to the CPM system trellis.
This yields

where the summation is with respect to all for
which satisfies (4) and (6)–(8). Similarly,

the approximate APPs are computed as

The backward phase estimates are updated according to
(26), but with hard rather than soft CPM state transition
decisions , given by (33) but with .

3) For , upward messages are com-
puted according to

with a so-called binding factor that quantifies the agree-
ment between and , given by

where is the PLL parameter in (24) and (26). According
to, this procedure is an approximation, obtained intuitively
from the framework in.

4) The messages are passed on to the interleaving
and mapping constraint node of the FG.

The resulting receiver operation is schematized in Fig. 3(d) and
summarized in Algorithm 3. As compared to Algorithm 2 the
following is observed regarding Algorithm 3:

• The operation of the CPM-related SISO module has been
altered (compare steps ALT-2 and COH-2).

• No initial phase estimate is needed to start the iterations in
Algorithm 3.

• Two different approximations of the CPM state transition
APPs are computed in Algorithm 3, against only one ap-
proximation in Algorithm 2.

The net result is that Algorithm 3 is more complex than Al-
gorithm 2. Similarly as for the proposed receiver algorithm, a
forward-only version of the A-SISO-sing algorithm is obtained
when the backward phase estimation procedure is removed. In
that case, the backward phase estimate is set equal to the for-
ward phase estimate and the binding factor disappears.

V. COMPLEXITY CONSIDERATIONS

The complexity of the proposed and the existing algorithms
is now addressed. The number of operations (comparisons, ad-
ditions, and multiplications) between two real arguments, per
CPM symbol and per receiver iteration, is reported. The compu-
tational complexity of the front-end processing and of the SISO
decoder and demapper algorithms is not considered, being the
same for all algorithms. The computational complexity of the
dp algorithm is evaluated assuming 8 discretization levels for the
carrier phase and 5 possible transitions between these levels, per
symbol period. Table I provides analytical closed-form expres-
sions, whereas Table II presents absolute values for the CPM
signals that are considered in Section VI (Table III). From the ta-
bles it is clear that the proposed receiver has a significantly lower
complexity than most of receiver schemes from. The only ex-
ception is the A-SISO-sing algorithm from [15]. The complexity
of the A-SISO-sing bialgorithm is only slightly higher than that
of the SISO+PLL BiS receiver. The A-SISO-sing FO algorithm
has the lowest complexity; it is also less complex than the pro-
posed SISO+PLL FO receiver. This is due to the use of hard
rather than soft decisions on the transmitted waveforms [(33) as
opposed to (18)].

VI. NUMERICAL PERFORMANCE RESULTS

Computer simulations have been run to assess the perfor-
mance of the proposed detector, in terms of packet error rate
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TABLE I
RELATIVE COMPUTATIONAL LOAD, PER CPM SYMBOL AND PER RECEIVER ITERATION

TABLE II
ABSOLUTE COMPUTATIONAL LOAD, PER CPM SYMBOL AND PER RECEIVER ITERATION

TABLE III
DETAILS OF THE CONSIDERED BIC-CPM SCHEMES

(PER). Hard decisions on the information bits are made at every
iteration, after which a genie checks for bit errors; the receiver
stops iterating after a maximum number of iterations , or
when all information bits have been detected correctly. In a
practical system, the genie is replaced by a cyclic redundancy
check. For comparison, the PER performance of the coherent
detector (referred to as SISO) with ideal knowledge of the car-
rier phase is also generated. It serves as a lower bound to the
PER performance of the proposed receiver. Three simulation
setups, whose details are summarized in Table III, are consid-
ered. Each setup employs a different BIC-CPM scheme. No ad-
jacent carriers are considered. Gray mapping and pseudorandom
bit interleaving are applied. Rectangular (REC) and raised-co-
sine (RC) frequency pulses are used

(34)

For each setup, the number of samples per symbol period is
chosen such that most of the signal power is located in the fre-
quency band . The setups are labeled (0, 1, 2) in order

Fig. 4. Considered burst structures.

of increasing spectral falloff rate of the corresponding CPM sig-
nals3. For setup #0, is set to 16, while for setups #1 and
#2 we have taken . Two burst structures are employed;
they are sketched in Fig. 4. Burst structure #1 is a simple one,
with preamble symbols preceding the actual data symbols.
Burst structure #2 was used in a recent project funded by the
European Space Agency (ESA). Two different PN models are
also considered. More details on the respective PN models will
be provided later on.

Let us first focus on simulation setup #0. This setup was also
used in [14] and [13] to evaluate the performance of the A-SISO

3The smoother the phase response ���� � ������, the faster the tail of the
spectrum of the corresponding CPM signal drops to zero.
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algorithms in which multiple PLLs are utilized (higher com-
plexity). The system involves a nonrecursive rate-1/2 convolu-
tional code with generator polynomials , and a minimum
shift keying modulation, i.e., CPM with
and a rectangular frequency pulse [see (34)]. The size of the
information bit vector is 1024. A preamble of known sym-
bols precedes the actual data symbols. The phase noise process
is modeled as a (discrete) standard Wiener process, i.e.

with the initial carrier phase uniformly distributed in
and statistically independent Gaussian random

variables with zero mean and standard deviation ,
descriptive of the phase noise intensity; is the standard
deviation of the PN increment over a symbol interval. Note that

samples of are generated per symbol interval,
whereas the receiver assumes to be constant over a symbol
interval. In the literature, the Wiener phase noise model is often
used to describe the phase noise process of a free-running os-
cillator [14], [15], [13], [12], [19], although also more elaborate
models exist [1]. For each set of parameters , the step
size of the utilized PLLs is fixed to . This
choice of is known to minimize the linearized steady-state
MSPE caused by Wiener PN and AWGN, resulting from a
data-aided (DA) PLL that knows the transmitted waveform in
advance4. Burst structure #1 from Fig. 4 is used.

Fig. 5 shows, for degrees and , the PER
performance obtained with the receiver algorithms: SISO PLL
BiS, SISO PLL FO and A-SISO-sing FO. Results are pre-
sented after 5 and 10 receiver iterations. The PER performance
after 10 iterations of the SISO+PLL FO receiver is also shown
for and (no overhead). It was verified that a
maximum of 10 iterations suffices for all receivers to converge,
having phase information available (SISO) or not (SISO+PLL,
A-SISO-sing) at the receiver. As far as this simulation setup is
concerned, we make the following observations:

• The SISO+PLL FO receiver (triangular markers, contin-
uous line) is seen to perform better than the SISO+PLL
BiS receiver (squared markers). Similar observations were
reported in [14], [13] with respect to the A-SISO bi and
A-SISO FO algorithms. The basic explanation can be
found in Section III-E. The considered BIC-CPM system
operates at low values of and has a large block
length (2052 coded data symbols); therefore, cycle slip-
ping is a major performance limiting factor when using
bidirectional phase smoothing.

• A-SISO FO (triangular markers, dashed lines) yields
about the same performance as SISO+PLL FO (trian-
gular markers, continuous line). With respect to the SISO
benchmark curve (circular markers), a degradation of less
than 1 dB is observed at a PER of .

4Computing the linearized steady state MSPE for the iterative phase estima-
tion algorithm seems impossible, because of the iterations involved and the de-
pendence of the soft decisions on all the previous phase (vector) estimates. In-
stead we will proceed assuming that, at the normal operating SNR of the con-
sidered receiver, the MSPE resulting from the iterative CA phase estimator con-
verges to the MSPE resulting from the fictitious DA phase estimator.

Fig. 5. PER versus � �� for simulation setup #0 from Table III, Wiener
phase noise with � � � degrees.

• The SISO+PLL FO receiver does not strictly require
an overhead of 30 preamble symbols (black triangular
markers). Virtually the same performance can be achieved
with a smaller overhead of only 7 preamble symbols. At

dB, a marginal PER degradation is observed
(gray asterisk). The complete absence of overhead sym-
bols (black diamond-shaped markers) results in a
degradation of about 2 dB at a PER of , with respect
to the SISO benchmark curve (circular markers). The use
of 7 preamble symbols results in a power gain of
about 1 dB at a PER of . This power gain does not
way against the power loss caused by these preamble sym-
bols (and which is not included in this plot). This power
loss amounts 0.01 dB for (0.06 for ).

Fig. 6 shows how the value of affects the receiver per-
formance, giving an indication of how much phase noise we
can tolerate. The FO variants of both the SISO+PLL and the
A-SISO-sing receiver are considered. PERs are compared for

and for 10 iterations. We observe that both algo-
rithms yield about the same PER performance for and
degrees. For higher values of , the PER curve of A-SISO-sing
algorithm decays faster than that of the SISO+PLL algorithm at
first and then flattens out. For degrees, SISO PLL FO
exhibits a small degradation of about 0.25 dB at a PER
of with respect to A-SISO-sing FO.

In Figs. 7–10, results are presented for setup #1 and setup #2
from Table III. The corresponding BIC-CPM schemes were re-
cently proposed in [24]. Both schemes use quaternary
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Fig. 6. PER versus � �� for simulation setup #0 from Table III, FO PLL
operation.

CPM with a raised-cosine frequency pulse [see (34)]. The in-
formation bit block size is 1024, the outer code is a (64, 51)
extended BCH code. The receiver performs a maximum of 15
iterations. A different (more realistic) PN model is adopted. The
corresponding single-sideband phase noise power spectral den-
sity (SSB PSD) mask , which was specified for use
in the previously referred ESA project, is outlined in Table IV;
here, denotes the frequency offset with respect to the carrier
(oscillator) frequency. The SSB PSD defines the decay
of the oscillator power spectral density (symmetrically) around
the first harmonic; it is a practical measure to describe the os-
cillator behavior. The details of the PN generation ( =8 phase
noise samples per symbol interval) are outlined in Appendix.
The symbol durations that are combined with this phase noise
model were part of the same ESA project framework. The pa-
rameter that controls the PLL noise equivalent bandwidth is
optimized in a similar way as before. The steady-state MSPE re-
sulting from a data-aided PLL is computed analytically, taking
into account the PN mask from Table IV. The resulting expres-
sion is plotted in Fig. 7 as a function of the loop parameter
and for several values of . There exists an optimum value
for that minimizes the steady-state MSPE at the output of
the PLL. This optimum value is quasi independent of
within the normal operating range of the considered BIC-CPM
schemes. We set: for setup #1 and
for setup #2.

Fig. 8 applies to setup #1, for which and
seconds, yielding a spectral efficiency of 0.64

bits per second per Hertz. Both burst structures from Fig. 4 are
considered. We make the following observations:

Fig. 7. Analytical linearized steady-state MSPE for DA FO PLL operation.

Fig. 8. PER versus� �� for simulation setup #1 from Table III. Comparison
of detection algorithms.

• For burst structure #2, which was employed in the referred
ESA project, the degradation (with respect to the
SISO benchmark) of the proposed SISO+PLL BiS receiver
amounts to about 0.4 dB at a PER of . This is about
the same performance as achieved with the (much more
complex) dp-SISO approach. The SISO+PLL BiS receiver
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Fig. 9. PER versus� �� for simulation setup #2 from Table III. Comparison
of detection algorithms.

Fig. 10. Distribution of the number of iterations for simulation setup #1 from
Table III.

is about 0.25 dB better than the A-SISO-sing Bi receiver
at . We note that the overhead symbols

TABLE IV
PHASE NOISE MASK

TABLE V
MEAN AND STANDARD DEVIATION OF THE

NUMBER OF PERFORMED RECEIVER ITERATIONS

cause an additional power loss of about 0.4 dB (this is not
included in the plot).

• For burst structure #1 with , which yields a sig-
nificantly lower overhead than burst structure #2, the bidi-
rectional SISO+PLL BiS algorithm performs better than
the receiver with SISO PLL FO operation. The
degradation of the SISO+PLL BiS algorithm as compared
to using burst structure #2 is small.

• For the SISO+PLL BiS approach, the absence of overhead
symbols results at a PER of in a degradation
of 0.25 dB with respect to using burst structure #1 with

(while the power loss caused by this preamble
amounts to only 0.1 dB).

Figs. 9 and 10 present results for simulation setup #2 from
Table III and burst structure #2 from Fig. 4. In this case,

and microseconds. Fig. 9 shows the
PER versus . The power loss caused by the overhead
symbols (about 0.4 dB) is not included in this plot. The perfor-
mance of the proposed algorithm (both the bidirectional and
forward-only variant) is compared against that of the coherent
SISO detector with ideal phase information and against that of
the receivers adopting the A-SISO-sing bi, SISO FF LMMSE
and dp-SISO approaches. It can be observed that, as far as
this simulation setup is concerned, the proposed bidirectional
algorithm significantly outperforms its forward-only variant.
Furthermore, it performs almost as well as the dp-algorithm,
which is considerably more complex. The degradation
compared to the case of coherent SISO detection is about 1.2
dB at a PER of . The A-SISO-sing algorithm exhibits a
noticeable performance degradation; at a PER of , the

degradation amounts to about 0.8 dB.
Finally, we address the number of iterations that needs to

be performed by the receiver to achieve error-free detection.
We focus on simulation setup #2 and on the proposed receiver
with SISO PLL BiS operation, which yields the best PER
performance for this setup. The simulation setup is the same
as in Fig. 9, except for the maximum number of receiver
iterations, which was set to 30. For two particular values of

( dB corresponding to a PER of and
dB corresponding to a PER of ), Fig. 10

shows the distribution of the number of iterations. The mean
and standard deviation of the number of iterations is very small,
as shown in Table V.
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VII. CONCLUSION

In this paper, we have derived a practical PN tracking pro-
cedure that is well suited for application in the receiver of an
interleaved coded CPM system. The technique combines ideas
from [12], [19], and [14]. The resulting receiver is closely re-
lated to the single-estimator versions of the A-SISO detectors
for PN affected CPM presented in [14] and [15]. However, as op-
posed to [14] and [15] a modification of the detector operation it-
self is not required, so that an off-the-shelf coherent bit detector
can be used. The proposed detector yields about the same per-
formance penalty as the receiver with suboptimal noncoherent
dp-SISO operation from [13]. The computational overhead in-
troduced by the PN tracking is negligibly small as compared
to the overall detector complexity. A short preamble, preceding
the actual data symbols, is desirable (but not strictly required)
for initialization purposes. For at least two BIC-CPM schemes
of practical importance the proposed algorithm outperforms the
A-SISO-sing algorithm from [15], which also exhibits a slightly
higher complexity.

APPENDIX

The PN generator is implemented as the output of a cascade
of two first order filters driven by zero-mean unit-variance white
Gaussian noise

(35)

(36)

The process in (35) has a variance that linearly increases
with time; the initial value is modeled as a uniformly dis-
tributed random variable in . The steady-state variance
of (36) saturates at

the initial value is generated as a random realization of
a Gaussian distributed variable with zero-mean and variance

. The corresponding phase noise power spectrum is given
by

(37)

which is a good approximation of the PN mask from Table IV.
The approximation in (37) holds for and much
smaller than .
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