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1.0 Introduction

The document which follows is intended to provide detailed
information about the Canadair bit synchronizer design approach,
the theory behind the design, and where possible, information
relevant to design modifications which would make the same generic
design suitable for other as yet undefined systems. Although the
Canadair system utilizes bi-phase (Manchester) modulation, the bit
synchronizer is designed as an NRZ bit synchronizer per Loral
direction. The Manchester signal is then viewed as an NRZ data
stream at a bit rate twice that of the true Manchester symbol rate.
Aside from a later section which addresses the incurred system
mismatches which result when using an NRZ synchronizer to
synchronize Manchester signals, this document will discuss the
subject in terms of NRZ symbols rather than Manchester symbols.

Actual performance of the synchronizer in the Canadair system
is further complicated compared to the theory presented here
because the baseband data stream is impressed upon a subcarrier
using frequency modulation, then combined with a wideband baseband
video signal, and the result used to frequency modulate an RF
carrier signal. Any nonlinearities, be they due to modulators or
demodulators, or insufficient RF bandwidths resulting in
degradation of the RF waveform, will cause video energy to be
folded into the baseband spectrum region occupied by the data-
bearing FM subcarrier thereby deteriorating the effective signal-
to-noise (SNR) ratio of the data channel. These added dimensions of
the overall Canadair system will not be considered here. Rather,
the bit synchronizer will be discussed strictly in the context of
a linear, additive white Gaussian noise (AWGN) baseband channel.

1.1 Data Synchronization: An Overview

The bit synchronizer is responsible for i) extracting high
quality data bit estimates and ii) data clock estimates from the
incoming analog signal which is generally buried in noise. Since
both of these functions are extremely important in order for the
overall system to perform well, design of the bit synchronizer
portion of the system carries substantial importance.

Bit synchronizer design must be viewed as a marriage between
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a good understanding of communication theory and hardware design if
near optimal performance is to be obtained. Many different methods
are available for performing the bit synchronization function.
Reliable determination of whether synchronization has in fact been
obtained is an equally difficult problem, particularly if the
synchronization process must be performed quickly. It is straight
forward to show that the design of the synchronization (or lock)
detector is intimately tied to the false-lock indication
probability which the system can accomodate. Due to the large
amount of material available on the subject of bit synchronization,
we will be brief and only address several of the many approaches
which are available and which are suitable for the range of data
rates which are of interest (10 kbps to 2 Mbps).

A nice introduction to optimal bit synchronization can be
found in [23-28]. Gardner [2] divides the subject into estimation
theoretic (e.g. maximum likelihood), early-late gate, transition
tracking, and other categories. The early-late gate approach is
primarily intended for use with square pulses where the SNR is very
high. We will not consider it further since it is also not suitable
where rapid synchronization is required. Holmes [24] itemizes a
number of suboptimal bit synchronizers which are based upon either
delay-and-multiply or upon the use of a nonlinearity to obtain a
clock component.

Estimation Theoretic

Methods grouped into this category are generally capable of
near optimal performance and are primarily based upon maximum-

based synchronizer (no intersymbol interference, ISI) is considered
in great detail in [25] and an actual detailed implementation is
discussed in [36]. A fairly broad range of theoretic-based
synchronizers are derived in [29-35].

The MAP-based synchronizer discussed in ([36] is shown in
Figure 1. It is quite straight forward to show [25] that the log-
likelihood function in this case is given by

A(t) = ¢, Y Log cos 22 (1) } (1)
e No
where
C, a constant
A peak signal amplitude, volts
N, one-sided noise power spectral density, W/Hz
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h(t) matched-filter impulse response
T, symbol period
T, observation period
and
TO
y(t) = f z(t) h(t-nT,t) dt (2)
8}

It is simple to maximize the likelihood ratio (since log() is a
monotonic function) simply by differentiating (1) to give

A() _ 2a 24
5 oY [ N y (%) tan.h( N y (1) )] (3)

n

The loop configuration shown in Figure 1 clearly drives the
quantity given by (3) to zero in steady-state.

The modified maximum likelihood (MML) synchronizer discussed
in [33] is shown in Figure 2. Hy represents the matched filter
whereas H(f) is a filter designed to extract the data sampling
clock. In cases where the matched filter output pulse shape is

Nyquist (i.e. no ISI), H(f) simplifies to

H(f) = Hg() | j2nf - Y, féz?g'.)s) o~J2nEnT, (4)

which is nothing more than the derivative of the matched filter
output followed by a transversal filter. In the case where all the
derivatives of r(t) are zero at t = m T,, this reduces to the ML
synchronizer.

The minimum mean-squared error (MMSE) synchronizer is shown in
Figure 3. In this case, H,(f) eliminates the ISI as well as
maximizes the SNR at its output. Since the ISI has been eliminated,
the data reconstruction is very simple. If the output pulse is
again Nyquist, H(f) reduces to the matched filter Hg(f). In
situations where the bandwidths involved are considerably less than
Nyquist, the MMSE method is preferred compared to the MML method
[331].

The data-aided ML and non-data-aided ML synchronizers are
analyzed in [35] and are shown in Figures 4 and 5. If no ISI is
present at the output of the matched filter g(-t), then the ML data
reconstructor reduces to a simple comparator in which case it looks

James A. Crawford R&D
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very similar to Figure 3. If ISI is present, the optimal data
reconstructor for the AWGN channel is a Viterbi receiver.

These previous four synchronizer types are compared in [34]
for the case of raised-cosine symbols. Unlike in the sited
references, [34] considered using each synchronizer to perform the
timing recovery (only) and the data estimates were made using a
matched filter followed by a maximum-likelihood sequence estimator
[22]. As far as data estimation goes, this is optimal.

For the small excess bandwidth situation which is generally
applicable in our situation, the smallest mean-square
synchronization error for low SNR occurs for the DA-ML synchronizer
[34]. Although this may be true, further examination of other plots
in [34] shows that much larger synchronization loop bandwidths may
be used for the MML and MMSE synchronizers in contrast hence making
these approaches more suitable where fast acquisition is a
necessity.

The methods addressed here are clearly numerically intensive,
particularly at high data rates. As a result, they were not
considered further in the context of the present design.

Transition Tracking

Transition tracking symbol synchronization is discussed in
nearly every basic text convering bit synchronization including
[21,23,24,26,28,29] to name but a few. A particularly good
reference on the subject is [37]. A block diagram for a transition
tracking (TT) symchronizer is shown in Figure 6. Note that the
matched filter which was common to all of the previous
synchronizers is missing. It is in fact present in the form of the
in-phase and mid-phase integrators in the case of square NRZ data
symbols.

Of the synchronizers considered thus far, the transition
tracking synchronizer is the best suited for the Canadair system
because it is very robust [37] and the most simple to implement.
The approach may be used at virtually any data rate as well, making
it an excellent choice for a generic bit synchronizer topology.

2.0 Design Goals

On August 7, 1990, a kick-off meeting was held to identify the
design goals for the synchronizer. Tenative design goals were
identified as shown in Table I.

James A. Crawford R&D
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Table I. Canadair Bit Synch: Initial Design Goals

Power Supplies 15, 5 volts

Temperature Range -55 to +85 C

NRZ Data Rate 40 kbps (capable of 1 kbps to 2 Mbps
with component value changes)

Waveforms Bi-phase-L, NRZ-L

Lock Time < 100 symbols at TBD E,/N,

Run Length > 30 symbols

Capture & Track Range +1 % desired, actual TBD at TBD E,/N,

Min Capture SNR 12 dB desired, actual TBD
Bit Error Rate < 3 dB from theory at TBD bit error rate
Clock Jitter < 0.1% rms at TBD E,/N,

The original Canadair synchronizer was to be 40 kbps NRZ.
Early into the project however, difficulties were identified
involving DC offset out of the subcarrier demodulator and the
waveform was changed to Manchester. Ranging precision
considerations were also a factor in this decision. The minimum
data rate was later raised to 10 kbps from 1 kbps. The design goals
which have been adopted for the bit synchronizer are provided in
Table II.

James A. Crawford R&D
December 1990



Table II. Canadair Bit Synch: Adopted Design Goals

Power Supplies +15, 5 volts

Tenperature Range -55 to +85 C

NRZ Data Rate 80 kbps (capable of 10 kbps to 2 Mbps

with component value changes)

Transition Density NRZ 30% to 100%

Waveforms Bi-phase-1, NRZ-L, * 1 volt peak-peak
input

Lock Time NRZ:

< 200 symbols at 12 dB E,/N,, AR= 0

< 600 symbols at 12 dB E,/N,, AR=10.5%
Bi-phase:

< 150 symbols at 12 dB E,/N,, AR= 0

< 450 symbols at 12 dB E,/N,, AR=t0.5%

Run Length > 30 symbols

Capture & Track Range +1 % at 6 dB E,/N,

Min Capture SNR 12 4B

Bit Error Rate < 3 dB from theory at 10 BER
Clock Jitter < 0.5% at 12 dB E,/N,

AR denotes data rate error, bps

The design is primarily driven by the bottom six items shown
in Table II. Lock time as we’ll discuss shortly, is strongly driven
by the prevaling data rate error and signal to noise ratio. It is
fairly meaningless to discuss lock times on the order of Table I
(100 symbols) unless the data rate error is very small and the SNR
is very high. Since Mike Landry believed that the acquisition
process could take as long as 500 to 600 symbols before there would
be any system impact, the 100 symbol figure was changed to the
values shown in Table II. Definition of what is meant by "lock
time" is also at issue here. As alluded to in the introduction,
reliable determination of lock is in itself a difficult question.
In the Canadair bit synchronizer, indication of synchronization is
substantially later than when synchronization is actually obtained.
The run length parameter primarily sets a limit on the maximum
number of consecutive data-ones or data-zeros which may occur and
thereby affects the choice of synchronizer loop bandwidth. (This is
not the case with Manchester symbols where we are guaranteed a
transition every symbol period.) Extremely 1long run length

James A. Crawford R&D
December 1990



8

capability and fast acquisition are generally mutually exclusive
design requirements. Normally, capture and track range are
specified separately; they are also a strong function of SNR. In
lieu of firm requirements, the *1 % requirement was taken as a
noise free design goal.

It cannot be understated how much the data rate uncertainty
parameter amplified the complexity of the bit synchronizer design.
Since VCXOs cannot cover this wide frequency range, and LC
oscillators are prone to temperature drift, the bit synchronizer
oscillator design case was quite involved. Had the data rate
uncertainty been roughly #0.07 % or less, the size of the present
design would have shrunk dramatically (at least 50%). The worst-
case locklng speed would also be substantially faster as well.

The minimum capture SNR of 12 dB presents no serious design
challenges unless very fast locking is desired over the full *1 %
data rate uncertainty range. The data rate anomoly for Canadair
should be much smaller than *1 % which should result in good
locking speed nonetheless. Since the design is also required to
accomodate NRZ data rate requirements up to 2 Mbps, this also
dictated that the VCO phase noise performance be fairly good.

The degradatlon with respect to theory of 3 dB for the NRZ
waveform is also very obtainable. The synchronizer design for
Canadair is capable of performing within 1 dB of theory or better
for NRZ data provided that the premodulation and matched filter are
done properly and if no additional bandlimiting by other system
elements is present.

Finally, the recovered clock jitter requirement is difficult
enough that careful tracking loop parameters had to be selected.
This is discussed at some length in section 3.3.

3.0 Design Methodolo r the Canadair Bit Synchronizer

A block diagram for the bit synchronizer is shown in Figure 7.
We will discuss each of the major functional areas shown in some
detail within the balance of this section, identifying required
design goals as they surface.

James A. Crawford R&D
December 1990



























