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Summary.   A general vector digital signalling scheme for data communication through an
additive Gaussian channel is made adaptive for the purpose of simultaneous
communication of information and phase estimation. The phase estimate is shown to
converge to the true value, therefore the adaptive nature of the detector effectively
achieves phase acquisition and improvement in performance. Qualitative comparison to
other phase acquisition techniques is made. The basic virtues of the proposed method are
that no separate synchronization interval is required, and phase fluctuations can be tracked
simultaneously with the transmission of information.

Introduction.   Digital data transmission in space communications can be done either in a
coherent or incoherent mode. The former requires knowledge of the signal phase, while the
latter does not. As expected, coherent communication achieves lower probability of error
than the noncoherent one for the same signal to noise ratio and set of signals. A
comparison of achievable probability of error for the optimal coherent to that of the
optimal noncoherent signal structure is given in Weber[1]. For binary signalling and signal
to noise ratio equal to coherent communication achieves Pe=2.10-3 versus Pe=6.10-2 for
noncoherent communication. Taking into account the low signal to noise ratio of most
space communication situations, the use of coherent communication becomes necessary.

The basic circuit used for estimating the phase is the phase locked loop (PLL). A vast
literature on the behaviour of PLL exists. See for example, Viterbi [2] and Lindsay [3].
Analog circuitry has been used mostly in PLL. Recently, the use of all digital PLL has
been investigated by Schilling et al [4]. PLL demonstrate a threshold behaviour. As signal
to noise ratio decreases, there is a point beyond which performance degrades significantly.
Cahn [6] considered a maximum likelihood phase estimation scheme, tolerating a
demodulation delay, and showed improvement in low S.N.R. performance. Another
disadvantage of PLL is the requirement for a phase acquisition time interval, during which
no useful data are transmitted. If the operating environment causes frequent
synchronization loss and repeated phase acquisitions transmission rate suffers a significant
decrease. This disadvantage applies also to the method of Cahn.



In the present work, a scheme for simultaneous adaptive data transmission and phase
estimation is presented. Since we are not putting an a priori structure on the system as is
the case of PLL, and we are motivated by Maximum Likelihood estimation methods,
performance has to be better than PLL. Furthermore, the adaptive nature of the system
“tracks” efficiently phase fluctuations without having to stop the transmission of useful
data.

Communication Model.   We assume that we want to transmit one of m equal energy
signals, { si (t),t,[0,T],i=1,...,m}  si (t)=a.Ai(t).cos[Tot+$i(t)+2] where To is the carrier
frequency, 2 is the unknown phase angle, a is the signal to noise ratio, Ai (t) and Bi (t) are
assumed narrowband with respect to the frequency To . There is additive Gaussian noise
n(t) of wide spectrum with respect to Ai(t), Bi(t).The received signal is:

r(t)=si(t)+n(t).

Using complex envelope representation described in [1] and [5], and assuming that the
signals can be represented as linear combinations of a set of n complex orthonormal basis
functions {Ni(t),i=1,..,n,t,[0,T]}. We can represent the received signal r(t)and transmitted
signals si(t) as n-dimensional complex vectors R,S. The signal set is:

S={si,...,sm) where the si are equally probable.

The received vector R is:

R=a.siexp(j2)+N

where **si**=1,a2=signal to noise ratio, and N is a complex n-dimensional normal random
vector with a density function:

The part of the conditional log likelihood function that depends on 2 is:

where <.,.> denots inner product and V*i  is the complex conjugate of Vi. If V
k were

known, the Maximum Likelihood estimate of 2 would be:
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Ak can be computed recursively:

In practice, the detector does not know the true Vk. Therefore, we propose the following
adaptive detection scheme:

Adaptive Detection Scheme.   Assuming 2k to be the correct value of 2, classify Vk+1 by
the rule:

We define the following complex valued function:

for Z,[-B,B], and dF(R) is an infinitessimal surface element on the sphere Cq.
We can show then that:

Motivated by the above result, we modify the algorithm for sequential estimation of         
as follows:

where L is a function to be defined.

If the complex sequence Ak converges to x, then x satisfies the following equation: (see [7] 
for detailed reasoning).
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We want argx=2 to satisfy the above equation. This is achieved if:

where

G(S,0)=g.exp(jh).

Substituting the function L, the algorithm becomes:

Using a Stochastic Approximation theorems (see Sacks,[9]) it is possible to show that the
above algorithm gives a complex sequence Ak whose argument converges to the true phase
value 2.

It is shown elsewhere [8] that for fairly general codes S, algorithm (a) converges to the

true 2. At the same time, signal detection is achieved, because by construction V̂k+1 is the
Bayes-optimal decision about the (k+l)st signal, based on the current estimate, 2k.

The only difficulty in the implementation of the algorithm (a) lies in the calculation of
(g,h). They depend on the code S, and their calculation needs to be done only once.

One of the basic virtues of the algorithm (a) is its applicability for very general modulation
schemes (or codes) S. It is possible to write in closed form the asymptotic error variance of
the estimate 2k:

where k.e(k) 6 0 for k 64, and Q(S,2) is a constant depending on the code S and the true
phase value 2. The expression for Q will not be given here.

A first observation is that algorithm (a) is more finely tuned to the particular code S than
the PLL.Possibilities for all digital implementation of the algorithm (a) do exist, by
quantizing the 2-space. However, a separate detailed analysis is required.

x=G{S,8-argx) .L(argx) 

L ( e) =g - 1 • exp [ j ( e -h) ] 
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