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ABSTRACT 

This paper presents a computer simulation 
based study of the tracking behavior of a 
decision-feedback equalizer coupled to a 
carrier-recovery loop in the presence of dynamic 
multi path fading activity. Free interaction 
between the two adaptive devices is allowed. 16, 
64 and 256 QAM modulation schemes have been 
analyzed. Minimum phase~Non minimum phase type 
fading transitions are studied since they are 
highly constraining events for the system 
performance. Comparative results considering baud 
and fractionally spaced equalizers are presented. 

1. INTRODUCTION 

Selective fading is an important constraint 
for high capacity digital radio-links. In order to 
fight the distortion induced by this phenomenon 
various countermeasure techniques can be used. 
Decision-feedback equalization has proven to be a 
powerful tool for this purpose, since it can 
compensate for very deep fadings with a limited 
noise increase trade-off. Due to the time-varying 
nature of the tropospheric channel, 
decision-feedback equalizers (DFE) must be 
adaptive devices. This feature makes the system 
sensitive to the selective fading dynamics, since 
the updating algorithm of the equalizer must track 
the global unequalized transfer function at any 
time. On the other hand it has been proved that 
decision-feedback carrier recovery loops (DFL) are 
the best choice in order to keep a low phase 
jitter in the recovered carrier. Unfortunately 
these devices are also sensitive to multipath 
distortion. For this reason the use of a base-band 
equalizer will drastically improve the receiver 
performance only if the carrier recovery loop acts 
on the already equalized signal. Since both DFL 
and DFE are adaptive devices and the linear part 
of the equalizer itself is able to produce phase 
rotations, this implementation leads to a coupling 
situation. 

Although theoretical calculations may 
confirm the equalizer ability to cancel the signal 
distortion, the static nature of this results does 
not supply a reliable information about the system 
performance in a realistic environment. In this 
paper we consider a high-capacity digital 
radio-link using either a DFE with baud-spaced 

taps or a fractionally-spaced equalizer and 
compare the sensitivity of the system to · ~he 
fading dynamics for 16, 64 and 256 QAM modulation 
schemes at 140 Mbit/sec. The study is based on 
computer simulations which allow us to assess the 
range of variation of the environment parameters 
that the system can withstand. This parameters 
include the signal to noise power ratio (SNR), the 
fading type (minimum phase or non minimum phase), 
its depth and position within the signal band and, 
specially, their rate of variation. Minimum 
phase~non minimum phase (MP~NMP) type fading 
transitions are specially studied since they are 
highly constraining events. ~o special con~traints 
on the equalizer tap gams are considered. 
Moreover, only the steady-state performance of the 
DFL has been taken into account. 

2. SYSTEM DESCRIPTION 

. F~g.1 shows the 
transmission system. The 
signal can be written as 

00 

base-band equivalent 
complex demodulated 

x(t) = I c h(t-kT) expU<!>) + N(t) 
k 

(1) 
k = -00 

where { c } denotes the complex data set, h(t) is 
k 

the overall unequalized impulse response, T is the · 
baud period, <1> is the phase error between local 
and received carrier and N(t) is complex filtered 
gaussian noise. The real and imaginary parts of 
the complex data are independent random variables 

taking values from the set {±1,±3, ... ,±(/M -1)} 
for an M-QAM signal set. The overall transfer 
function in absence of multipath is a raised 
cosine equally split into transmitter and receiver 
filters, denoted in Fig.1 by HT(f) and HR (f) 

respectively. The roll-off parameter is 0.5. The 
automatic gain control system (AGC) is designed to 
keep constant the average signal power at the 
input of the demodulator. 

The tropospheric channel transfer function, 
Hc(f), which equals unity during normal 

propagation condition, is given by Rummler's two 
ray fixed delay model during fading events, [1]. 
Both Minimum Phase (MP) and Non Minimum Phase 
(NMP) type fading have been considered. 



The clock recovery is achieved through an 
IF squarer device. In this case it can be shown 
that the sampling instant ( t

0
) depends on the 

instantaneous characteristics of the transmission 
medium, and can be related to the parameters of 
its transfer function, Hc(f), by means of an 

analytic expression, [2]. 

The block diagram of the considered 
base-band equalizer is shown in Fig.2. This 
diagram applies either for a T/2 fractionally 
spaced equalizer and for a baud spaced 
(synchronous) equalizer. In the last case all 
coefficients belonging to the set denoted by { Qi} 

(i=-N, .. ,L-1) must equal zero at any time. In the 
feedback part of the equalizer we place M-L 
coefficients in any case. Given the total number 
of linear taps, the reference tap, W 

0
, is located 

according to the value of L. 
j 

The expression of the sampled signal at the 
equalizer output is: 

L L-1 M 

Y k = L W i xk- i + L Qi xk- i- 112 + L W i ~k- i +L (2) 
i=-N i=-N i=L+1 

where: \= x(t
0
+kT), xk_

112
- x(t

0
+kT-T/2), 

0 

being the timing epoch and k being and integer. 

{ ~k} are the detected data. 

The tap weights are updated every ~ T 
seconds, with ~ being an integer greater than one, 
according to a slightly modified LMS algorithm, 
[3], whose purpose is to provide a faster decay of 
the taps towards the right solution (zero value) 
in order to detect that the normal propagation 
condition has been reached after a fading event 
has occurred. 

The system is completed with a 
decision-feedback carrier recovery · loop whose 
phase comparator acts on the already equalized 
data in order to avoid the strong distortion 
induced phase jitter that would appear if it 
should act on the unequalized signal, [4]. This 
measure is not free of any drawback, since, as 
both the DFE and the DFL . are · adaptive devices 
their control algorithms can interact. Interaction 
is only possible between <j> and the feed-forward 
part of the equalizer, and the condition 
accomplished is no cross-talk due to the main 
quadrature sample, that is: 

<j> + arg[h'(t )]= 0 
0 

(3) 

where h'(t) is the overall impulse response 
including the feed-forward part of the equalizer 
and arg[·] is the argument of a complex number. 

During normal propagation condition the set 
DFE+DFL can be described as a second order phase 
loop with an increased noise bandwidth with 
respect to the isolated DFL. The damping 
factor of the equivalent second order loop 

(modified damping factor), ~·, is: 

K 
~·= ~ + ~ 

n 

(4) 

where ~ is the damping factor of the uncoupled 
DFL, ro the natural frequency [rad/sec], which 

n 

remains unchanged, and K
0 

a constant involving the 

equalizer parameters: 

(5) 

K being the closed loop gain of the DFL. E[ •] 
stands for statistic expectation. Knowing this the 
loop low-pass filter can be adequately designed. 

3. SIMULATION DESCRIPTION 

A simulation program has been developed in 
order to investigate the effects of the selective 
fading dynamics on the system behavior. The 
program assumes that the equalizer taps are 
updated every ~T seconds, ~ being an integer 
greater than one. Each time a program cycle is 
completed, the overall impulse response, the 
sampling instant and the AGC gain are updated. The 
complex signal at the output of the demodulator, 
generated through pseudo-random symbol sequences 
and added with noise, is then equalized and a 
modulation state is estimated. The estimated error 
is used to update the equalizer tap gains and the 
phase error at the demodulator. The parameters of 
the transmission medium are updated according to 
experimentally observed variation rates, [5]. The 
evolution of the fading notch depth used to 
simulate an MP~NMP transition is as follows: a 
fading with fixed frequency notch position, 
beginning with 0 dB depth, deepens up to 60 dB 
according to a linear-with-time behavior 
assumption, then reverses the sign of its peak 
group delay, and comes back to normal propagation 
following the same linear-with-time pattern. 

4. RESULTS 

We have analyzed the behavior of 16, 64 and 
256 QAM modulation patterns at a bit rate of 
140 Mbit/sec.. In order to choose the adequate 
system parameters we have made a theoretical 
analysis of the achievable performance based on 
static fading assumptions. As a conclusion, for 16 
or 64 QAM systems the minimum required structure 
is 4 taps in the feedforward part and 2 taps in 
the feedback part (4+2 structure in what follows). 
A SNR of 40 dB (after AGC device) has been 
considered. For the 256 QAM system the retained 
structure is 5+3, and the considered SNR is 45 dB. 
For the fractionally spaced DFE the chosen 
structures are 7+2 for 16 and 64 QAM and 9+3 for 
256 QAM, so for a given modulation scheme both 
kinds of equalizer have the same time span. The 
equalizer is initialized forcing W 

0
=1 +jO, W i =O+jO 



(V i~) and Q. =O+jO (V i~). and choosing L=1 in 
1 

all cases. 

The computer simulations have been carried 
out assuming that ~=50, an VCO constant of 
K = 10 MHz/volt, and a carrier recovery loop with 

2 

a modified damping factor of s' = 1/12' a nd a 
natural frequency of f = 35 KHz for 16 and 64 QAM 

n 

and f = 26 KHz for 256 QAM. These values for f 
n n 

have been chosen in order to keep a normalized 
loop noise bandwidth of BL T~ 5·10"3 for all 

modulation schemes. The step size in the equalizer 
updating algorit~ is ~= 3-10 · 4 for 16 and 64 QAM 
and ~= 7.8·10- for 256 QAM. In both cases the 
particular value for ~ is the highest allowable to 
achieve a physically feasible loop low-pass filter 
assuming that the second order loop model for the 
coupled DFE+DFL is valid, that is, equation (4) 
and inequality (5) hold. 

In what follows the results . that have been 
obtained are presented. 

A. Synchronous DFE 

Simulation results show that MP~NMP type 
fading trans1t1ons with normalized notch shift 
with respect to the carrier frequency (f d T) about 

0.2 are one of the more constraining events. The 
16 QAM system is able to withstand both kinds of 
transition at a notch depth variation rate (NDVR) 
of 120 dB/sec regardless of the notch position. 
The same conclusions stand for the 64 QAM system, 
except when we consider an NMP-7MP transition with 
f T about 0.2, in which case the NDVR must be 

d 

reduced to 30 dB/sec if the equalizer is to track 
the event. The 256 QAM system is able to cope with 
the MP-7NMP fading transition at a NDVR of 
120 dB/sec ·for every notch pos1t10n, except for 
f T~0.2, in which case the NDVR had to be reduced 

d 

to 60 dB/sec to ensure tracking. However, the 
transition in the NMP-7MP sense with the notch 
position within the Nyquist band leads to the 
equalizer divergency even when a very low NDVR is 
simulated. 

In Fig.3 we show the simulated evolution of 
the modulus of the equalizer tap gains as well as 
the root mean square error (r.m.s.e.) at the 
decision device, versus the fading depth, during 
an NMP-7MP transition with f d T=0.2 in a 64 QAM 

system (NDVR= 30 dB/sec). From the figure it is 
clear that the reference tap shifts one position 
to the right. We notice that the peak value in the 
r.m.s.e. doesn't take place when the fading has 
the greatest depth but when the fading is 
increasing its depth. This is due to the fact that 
the DFE design achieves lower residual distortion 
with MP type fadings than with the NMP ones. 

In Figure 4 similar results are shown for a 
256 QAM system. A fixed normalized notch position 
of f T=0.2 has been considered. The plotted result 

d 

stands for an MP-7NMP transition since the reverse 

sense event couldn't be tracked without equalizer 
divergency. The NDVR is 60 dB/sec. The shift in 
the RTP is now to the left and happens during the 
decreasing interval of the notch depth. We can 
note that when we reach again the normal 
propagation condition, after the whole MP-7NMP 
transition has taken place, I W 

0 
I~ I W 

2
1 ~- Clearly, 

this is not the theoretic solution in the sense of 
achieving the rmmmum m.s.e.. This can be 
explained because at that point of the event, and 
assuming a high SNR, the first tap in the feedback 
part of the equalizer, W 

2
, deals with 

approximately the same signal sample (c ) that 
k- 1 

is present at the input of W 
0

: (xk ~c k _ 
1 
). For this 

reason one can envisage a pseudo-solution, giving 
rise to a slightly higher r.m.s.e. value, which 
consists on having W2~-W0 , (see equation (2)). 

Considering L=1 this situation can only appear 
when an MP-7NMP transition is considered. 

B. Fractionally Spaced DFE 

A fractionally spaced equalizer outperforms 
a synchronous equalizer, not only in its 
insensitivity to the sampling phase but also in 
its optimality . in the sense of minimizing the mean 
square error. Simulation results are in agreement 
with this statement since some of the fading 
events that can not be tracked by the synchronous 
DFE are tracked by the fractioned DFE. 
Furthermore, in the cases where the synchronous 
DFE performances are limited to low NDVR values, 
this values can now be increased without DFE 
divergency. In fact, the 64 QAM system is now able 
to withstand both kinds of transition with a NDVR 
of 120 dB/sec regardless of the notch pos1t10n, 
and the 256 QAM system can cope with NMP-7MP 
transitions with the notch inside · the Nyquist band 
for a NDVR up to 15 dB/sec. 

In Figure 5 we show the simulated evolution 
of the modulus of the equalizer tap gains as well 
as the r.m.s.e., during an NMP-7MP transition with 
f d T=0.2 in a 64 QAM system. The NDVR considered is 

120 dB/sec. With respect to the r.m.s.e. behavior 
there is a remarkable difference between the peak 
value, related to the change of the R TP, and the 
value for a very deep notch. The r.m.s.e. is 
considerably lower than that obtained with a 
synchronous equalizer. 

With respect to the MPf-?NMP transitions 
with the notch placed outside the Nyquist band the 
simulations carried out show that the 16, 64 and 
256 QAM systems can cope with the fading event 
even at a NDVR as high as 120 dB/sec. In this 
case the reference tap remains unchanged 
throughout the whole fading evolution. The 
r.m.s.e. is always lower than that obtained for 
the transitions inside the Nyquist band since the 
amount of distortion is also lower. These 
statements hold for both synchronous and 
fractioned DFE. 



5. CONCLUSIONS 

Simulation results concerning the behavior 
of synchronous and fractionally spaced DFE in a 
time-variant fading environment have been 
presented. The study has been made assuming a 
carrier recovery loop closed through the 
feed-forward part of the equalizer. From the 
results obtained we can conclude that the most 
constraining events are NMP-?MP fading transitions 
with the notch position inside the Nyquist band. 
Moreover, the synchronous DFE has a limited 
capacity to track fast changing channels with high 
level modulation schemes. The use of a 
fractionally spaced equalizer provides a 
remarkable improvement in the system perfonnance. 
However, for the 256 QAM system, an upper bound in 
the notch depth variation rate of about 15 dB/sec 
still remains for the worst fading event. 
Additional investigation is required to achieve 
further improvement in the system performance. 

AWGN 

Fig. 1: Equivalent base-band 
transmission system 
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Fig. 2: Block diagram of the considered equalizer 
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