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Abstract— In this paper, we show that a “pragmatic” approach  a highly performing binary encoder (typically, a turbo owlo
to coded CPM schemes suffers from a significant capacity 10ss density parity-check code) with several modulation scheme
This loss d‘?g” be fgreat'y redulce‘j gy Cho‘(’js'”g C?“ aFf’pmp”ate with increasingly large signal alphabets. An example of the
mapping different from natural or Gray, adopted so far. We obtainable results has been published in [11], which demon-

propose to add to the CPM modulator a linear feedback, h ) )
optimized through capacity arguments, that permits to achéve Strates a scheme based on SCCC and linear two-dimensional

performance within 1 dB from the CPM capacity. modulations yielding spectral efficiencies in a very widega
lying around 1 dB from the Shannon capacity limits. To
. INTRODUCTION the author knowledge, nothing has been published yet on

pragmatic schemes employing CPM modulation (called P-
Continuous phase modulation (CPM) is a class of bandwidPM in the following).

efficient modulation schemes [1] that have found severalTpig paper is a first attempt to fill the gap. In it, we
applications in wireless systems (like for example GSMjyst evaluate the pragmatic (or bit-interleaved) capacity
Their characteristic of constant envelope makes CPM schengg& M modulation, and show that using the natural or Gray
particularly suited to fully exploit the output power of amapping as done so far (according to the case of linear
nonlinear amplifier. modulations) it is rather far from the CPM capacity, thus
A CPM modulator is a (generally) finite-state device desxplaining why the pragmatic approach has never been applie
livering to the channel a waveform that depends on its inpi CPM. We support these capacity results through bit error
symbol and internal state. In [2], the modulator with memonate simulations.
has been split into the so called Rimoldi decomposition, |, 112] an approach that incorporates an outer convolutiona
consisting of the cascade of a time-invariant convoluli@m  encoder into the CPE, and tries to optimize the overallisrell
coder (continuous-phase encoder, CPE) operating on a fing:fcoder based on Euclidean distances maximization has been
integers and of a time-invariant memoryless modulator (MMﬁ)roposed. In this paper, still adopting the Rimoldi decosipo
After the discovery of turbo codes [3] and their celebratq(pon, we modify the CPE through linear feedback and optimize
iterative decoding algorithm, this decomposition has been, order to maximize the pragmatic capacity, a concepteto b
exploited by inserting an outer convolutional encoder vehogypained later in connection with the CPM. We show, through
coded bits enter an interleaver and then the CPE, thus fgrmi’fhpacity and simulation results, that large improvemeats ¢
what is known in the literature as a serially-concatenatg@g optained in this way, which move the pragmatic capacity
convolutional encoder (SCCC) [4]. Iterating between theeou very close to the CPM capacity, and then the convergence
encoder and the CPE through the interleaver yields rathffesnold of P-CPM within 1 dB from the CPM capacity.
good performance [S]-[7], which should be compared to theyis approach does not require iterating with the CPE, since
capacity of the CPM scheme. This capacity, in turn, can ge CPM is treated exactly as a linear modulation in a bit-

evaluated through the techniques explained in [8], [9].H@ t jnterjeaved turbo-trellis coded modulation approach. A= n
following, we will call this scheme SCCC-CPM. consequences:

In wireless communication systems, and, more in general, in o
any telecommunication system where the channel conditions The overall CF_)E st_ate complexity 'S not enhanced by
can vary significantly with time, an efficient radio resource the ””'.mber O.f !teratlons, thus permitting to increase the
management requires the availability at the physical layer bandwidth efficiency through the use of a larger number
of adaptive coding-modulation. Flexible coded-modulatio of CPE statgs
schemes are then required, capable of varying their charac® The separation between the outer enco<_je_r_ and the CPM
teristics of bandwidth and energy efficiency from frame to could pave the way to add a greater flexibility to P-CPM
frame, following the channel rate of variation. This cruicia schemes.
versatility requirement has spurred an active research orin the paper, only a few examples are shown. The optimiza-
bit-interleaved (also known agragmatic) coded modulation tion of a broad class of CPM schemes for their use in P-CPM
(see [10] and references therein), which consists in casgadas well the problem of how to better cope with the versatility



issue are left to a future publication. “pragmatic”
bits binary channe
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pragmatic approach. No decoding iteration is performedvéen the CPM

. . . demodulator and the binary decoder as in the SCCC-CPM scheme
depends on the input information symbols, €

{£1,4£3,....,£(M - 1)}, where M = 2™ is the size
of the input alphabet. Herd is the symbol intervalE; is 1. PRAGMATIC CAPACITY OF CPM MODULATION
the energy per symboh = Q/P is themodulation index (Q

and P are relatively prime integers), anglt) is the phase
pulse, a continuous function with the following properties

The capacity of a CPM scheme (see Fig. 2 for notations)
can be computed as

p(Y|X)} -
C =F,«1lo bits/channel use, 3
0 t<0 cpm = Ly, { &) (3)

q(t) = { 1 N
s t>LT . . : .
2 - wherex is a CPM waveform ang is the received signal.

The phase pulse is usually defined as the integral of Rgcently, new algorithms for the estimation of the capacity
frequency pulse s(t) for channels with memory have been proposed [8], [9]. In

particular, the algorithm presented in [9] has been dewlop

t for CPM capacity estimation. By using the BCJR algorithm,
q(t) = / s(r)dr it computes the mutual information between the channeltinpu
=0 and channel output as a function of the state and branch
A CPM scheme is then defined by specifying its parameté?ketrics' Here, this .algorithm has been employed in order to
M, h, L ands(t). compute the capacity of CPM schemes.

A well known representation of CPM modulators is the Since we are interested in_a “pragmatic” use of CPM mod-
Rimoldi decomposition [2]: according to this represemtati ulators, we ShO_UId also consider their corresp(_)ndent agpac
the modulator is decomposed into the cascade of a continuH&ghe pragmatic approach, the LLRs of the bits labeling

phase encoder (CPE) and a memoryless modulator (MM) (seéaé:h CPM symbol are provided to the.binary decoder, Wh.iCh
Fig. 1). assumes them to be independent as if they were transmitted

using a binary memoryless modulation (see Fig. 2).
Assuming equally likely independent binary inputs, the

pragmatic capacity’” ~“FM is defined by summing up the
capacities of then equivalent binary channels:
si— MM [ bi :
. L1 cr-orM LN E {log2 IM} bits/channel use,
° S0 SL—3 sL,g ’E} =1 Py

4)
whereb; ;(x) are the functions that associate to each waveform
Fig. 1. Rimoldi decomposition of the CPM encoder. The blatkelledX p of the CPM modulatox the value of the-th bit of its input
is a moduloP adder. label at timet¢. If the functionsb; ;(x) are defined on the

time-invariant trellis of the CPM modulato; =™ does
The CPE is, in general, a time-invariant convolutionalot depend on the time index
encoder operating on a ring of integers. Therefore, it can beComparing (3) and (4), we observe that only the latter
decoded using a trellis-based decoding algorithm (i.@erki depends on the input mappirdg.(x). It is then possible to
for hard output or BCJR [13] for soft output). The MM is aoptimize the pragmatic capacity by varying the mapping.
device that performs a symbol-by-symbol mapping from CPE In Fig. 3, a 3REC binary CPM witth = 1/2 is considered.

coded symbols to continuous-phase waveforms. Its CPM capacity and pragmatic capacity are estimated. A gap

CPE




of several dB between the two capacity curves can be observdtere f, is a one-to-one function and is the CPE state. It
in a wide range off;, /Ny. can be represented as a binary vectowith the following
The region of achievable rates for P-CPM schemes is limitedimber of elements
by the pragmatic capacity curve, hence it is not possible to
approach the full capacity of the CPM modulation. r = [logy(Ns)| = m(L — 1) + [log, P]
This can be observed from the results obtained by simu- ) ) )
lating a P-CPM scheme with an outer binary (16003, 7998fhich derive from the binary representation of thé-ary
SCCC consisting of two 4-state, rate 1/2 punctured sysiematymbols so, . .. 1 SL—2 and the P-ary symbol sy _;. Here,
convolutional encoders. The constituent encoders’ fegidbdYs = PM™~" is the number of states of the CPE. Starting
polynomial is f(D) = 1 + D + D? and their feedforward from the trellis of the CPE without feedback,( = an),
polynomial isg(D) = 1+ D2. The interleaver connecting theth® mapping functiory,, corresponds to a permutation of the

outer encoder to the inner encoder is a spread interleagpr [1NPUt labels on the sets of edges with the same starting state
Another spread inteleaver has been used to connect the SC¥Hece the output labelling is not altered, phase continisity

to the CPM modulator. Decoding of the SCCC is performgyfeserved.

by means of an iterative decoder implementing the BCJR
algorithm; it has been configured to perform 10 iterations pe

block.

We observe that the information rate [8] of this scheme L%
approaches the pragmatic capacity with a gap of less thana% : % e
dB at information rates of 0.5 bits/channel use. o ”F’E‘H’ E"*ﬁ

S0 Sr—3 SL—2 SL—1
1 T
| -8~ CPM capacity

-e—Pragmatic capacity

e %
|1 - outer SCCC information rate
Fig. 4. CPM encoder with feedback.

The number of distinct mapping functions for the CPE in
Fig. 4 is(M!)"N:. An optimization over such set is considered
// in [15]. Here, we restrict the search to a smaller subset.

An effective technique consists in restricting to be a

o
©

o
o

N

Capacity [bits/channel use]

o
N

(/’/ linear function over GF(2) of the state vecter. In this case,
- .
0 ‘ a feedback symbdb is computed as
-10 -5 0 5 10 15
E,/Ng [dB]
Fig. 3. Capacity of CPM and P-CPM. b =oF
whereF is anm x r binary matrix. Thenb is added to the
IV. DYNAMIC MAPPING input symbol to obtain

The Rimoldi decomposition induces, through the definition
of the CPE, a natural mapping of information symbols to
waveforms. While the capacity of the CPM scheme dependgre, the sum is performed ové&:?, i.e., them bits of b
only on the main CPM parameters (namelyL, s(t), M), its are added modulo 2 to the bits of a. The number of linear
pragmatic capacity depends also on the input symbol mappfegdback functions is now reduced 2™ > N™, i.e., the
(see (4)). Thus, it may possible to improve it, and therefore number of distinct matriceF.
extend the achievable capacity region of P-CPM schemes, byrhis solution requires a very low additional complexity at
using different mappings. the transmitter and no additional complexity at the reaeive

The chosen approach consists in modifying the CPE striact, the state and branch complexities of the CPE trelks ar
ture by adding a state-dependent input mapping. This soluti not increased.
besides preserving phase continuity of the modulated kigna Since the feedback symbol depends on the encoder state,
allows us to vary the input symbol mapping as a function ¢fence on the information sequence, we call this mapping
the feedback coefficients. The resulting CPE structureassh dynamic.

Ay, = ay, ®b,.

in Fig. 4.
The mapping function can be described by the following- Feedback optimization
equation The optimization of the feedback coefficients (tRema-

trix) has been performed by maximizing the area below the
an = fo(an) pragmatic capacity curve. When only one or a few values of



information rates are of interest, only the correspondange feedback optimization algorithm described above provithed

of E,/Ny can be used for the area computation. following feedback coefficients
Although this method does not guarantee to provide the best
feedback values, results show that those obtained in thjs wa F_ [ 1010 } _
yield significant improvement in pragmatic capacity. 1010
V. RESULTS For compactness, in Fig. 7 labels, the column¥dfave been

Fig. 5 shows the capacity curves for the binary CPM scherfgPresented as decimal valuds [3 03 0]). o
of Fig. 3 (a 3REC binary CPM witth = 1/2). For this In this case, although the resulting capacity curve is sig-
CPM scheme, the feedback optimization algorithm provid&jﬁcantly better than the case without feedback, it does not
the valueF = [1 1 1]. The curve labelled “Pragmatic, F —approach the CPM capacity limit. So far, whether this reglidu
[1 1 1]’ shows the pragmatic capacity curve in this cas§@P is due to the intrinsic characteristics of the consilere
which is almost coincident with the CPM capacity curve. AlrPM scheme or to the constraints on the mapping function
improvement of more than 2 dB is observed for a wide ran@@eds further investigation. I\_levertheless, the achieved i
of capacity values. provement exceeds 2 dB and is close to what can be obtained
In order to verify that the new capacity values can béSing the SCCC-CPM approach.
achieved, the code described in Sec. Il has been connextedt ,

the CPM in a P-CPM scheme. We observe that the capacity of |~ cewcapacty g
this scheme approaches the improved p_rag_matic_capachy wit |  Pragmatic capacity. 2
a gap of less than 1 dB, therefore resulting in an improvementis | F=Bo 3o /
of more than 2 dB with respect to the CPM with no feedbackd || = Fesoe A -
This improvement can be observed also on the bit error rafe | > SCCC nformation o
curves of Fig. 6, which also show the good behaviour in term_‘g T scec mormaton - f’” -
of error floor. g rate, F=[0000] p
o
1 T T .5
— CPM capacity // o° %
| = Pragmatic capacity, F = [1 1 1] /5/ %
08H o p ) ) _ i |« L X gD
_ ragmatic capacity, F =[0 0 0] 7 0 e
% | ——SCCC information rate, F = [1 1 1] / 10 5 0 5 10 15
% 06 —-SCCC information rate, F = [0 0 0] A/Z E /N, [dB]
§ Lo/ e Fig. 7. Capacity of 2REC quaternary CPM with= 1/4.
g, v 4
5 4 VI. CONCLUSIONS
2 A The achievable capacity region of pragmatic CPM systems
T | e o . :
e+ 1 L is limited by the pragmatic capacity of the CPM scheme.
0_10 - . . . o s After observing t_hat the pragmatic capacity _is often faohel
E /N, [dB] the CPM capacity, we have shown that it can be greatly
Fig. 5. Capacity of 3REC binary CPM with = 1/2. improved by choosing an appropriate input symbol mapping.
To this purpose, a modified structure of CPM modulator and
Lo an algorithm for its optimization have been proposed.
The proposed solution results in a slight additional com-
LEoL oy plexity at the modulator and requires no additional comipyex
o HS\; at the receiver. Improvements of more than 2 dB have been
\eg obtained in the considered cases.
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