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SINGLE BOARD BIT SYNCHRONIZER

George Burgess
Lloyd Bridges

Stanford Telecommunications, Inc.
Santa Clara, CA 95054

Abstract

ASIC developments have made it possible to include the essential signal processing
functions for data detection, clock recovery, and NCO in a single custom-designed chip.
Using this chip and PLDs enabled the implementation of a fully-featured bit synchronizer
on a single VME board in a rack-mountable 1.75" high, 19" wide chassis. This represents
a space savings of 2/3 over existing units. The data rates supported are 250 bps to 5Mbps
(2.5 Mbps biphase).

Introduction

Data detection and clock recovery in a typical TT&C equipment string are performed by
a bit synchronizer, whose top-level functions are shown in Figure 1. In general, the signal
into the bit synchronizer is generated by a demodulator or a tape recorder. Many new
applications call for smaller size, lower parts count and more reliable designs.

This paper describes a fully-featured bit synchronizer on a single VME card (11 by 9
inches) which can be used as a stand-alone unit in a 1.75" high chassis or as part of a
VME based receiver.

The paper starts with an overview of the Single Board Bit Synchronizer, including the
performance specification and a functional description. Then the design and
implementation are explained, including the custom-designed Bit Synchronizer/
Demodulator Chip (BSD) which comprises the core of the unit. The next section
addresses some key design issues, and the performance is discussed in the last section.

SBBS Overview

The SBBS was designed to have the capabilities and performance shown in Table 1.
These capabilities are comparable to other, multi-card units currently on the market with
rack heights of typically 5.75 inches.



The functions performed by the SBBS are shown in block diagram form in Figure 2. The
controller selects one of the four analog inputs, with levels ranging from 0.25 to 10 Vpp,
and compensates for gain and base line variations.

The control parameters are selected through one of the external interface methods. The bit
synchronization loop generates the sample and bit clocks based on observing bit
transitions. The Integrate and Dump Module sums the data samples over a bit period, and
provides this data to the data processors.

The offset compensation and gain control modules use the symbol data to adjust the
analog input signal for level variations and drift in two feedback loops. The output data
processor performs code conversion, creates the soft decision outputs, and generates the
symbol clock in 4 phases. All of the digital processing is performed under the control of
the control processor.

Implementation Description

The hardware design is centered around a custom Bit Sync/PSK Demod chip, the STel-
2110. This chip is a 15 X 15 pin-grid array of 180 pins, and uses more than 20,000 gates.
The block diagram is shown in Figure 3. The data inputs are 6-bit I and Q channel
samples. When used in a PSK demodulator, this chip processes both the I and Q input
channels. Discriminator signals are generated for phase, frequency, and symbol timing
loops. In this application, only the I input channel is used since the input signal is assumed
to be demodulated, so that only the symbol tracking function is used.

The samples are summed over three different intervals: early, on time, and late. The bit
timing loop uses an early-late gate discriminator. The early and late sums are subtracted to
produce the bit timing discriminator, and the on time sum is output as the integrate-and-
dump bit value. The 9-bit timing discriminator signal is available externally. The timing
control loop contains a 2nd-order loop filter and a number-controlled oscillator which
generates the sample clock. The loop filter normally receives its inputs from the bit timing
discriminator values, but can also be switched to an external input. Four-phase bit clocks
are also provided.

The loop filter coefficients can each be programmed to one of 16 values. The filter output
is added to the nominal NCO update value to track variations in the input data rate. The
NCO clock can be up to 75 MHz. A pre-scaler is programmed to divide the clock down
by multiples of 4, if desired. The minimum number of samples per symbol is 4, so that the
maximum possible symbol rate is about 9 Mbps. The chip is designed to run up to 6
Mbps. The BSD also produces discriminator output in a separate processing path for a
phase-locked loop or automatic frequency control loop. The discriminators use the I and



Q I&D outputs, and form the values I sign Q - Q sign I (PLL) and Dot Sign Cross-Cross
Sign Dot (AFC) for QPSK, or just - Q sign I and - Cross Sign Dot for BPSK. These
discriminators are accumulated until read, and must be used in an external loop to track
the carrier. An example of an application of these is the single-board BPSK
demodulator/bit synchronizer for SGLS subcarriers ( ), which uses a second BSC for the1

carrier loop filter and NCO.

The chip is controlled by writing to various parameter registers over an 8-bit data bus.
The I/O timing is designed for interfacing with 8-bit microprocessors, e.g. the Intel 8-bit
microcontroller family (8751/2). There are also a number of external control lines used to
configure the chip, such as the I and Q channel disables, reset lines, clock select, input
polarity, AFC/PLL select, and BPSK/QPSK select. The Q channel can also be delayed
by 1/2 bit to accommodate offset QPSK.

In the SBBS, only the bit timing recovery functions are used. The NCO clock is 75 MHz,
which is divided down for lower bit rates. The number of samples per symbol and the
loop filter coefficients are selected based on the bit rate chosen. The BSD is controlled by
an 8752 microcontroller, which also provides control for the other hardware elements.
The data samples are fed into both the I and Q inputs, but only the I channel is used for
the timing discriminator. The Q channel is delayed 1/2 bit and accumulated to provide an
I-mid phase value for the timing lock detector.

The overall hardware diagram is shown in Figure 4. The SBBS has up to four inputs
connected on the back panel. The selected input is lowpass filtered by a 6.4 MHz filter,
which is the widest of the 4 bandwidths required for the bit rate range and is sufficiently
wide for the highest data rate.

The resulting signal is scaled and offset to compensate for gain and baseline variations,
and any DC offsets in the processing loop. The gain of the analog multiplier is controlled
by the microprocessor through an 8-bit DAC with an update rate of about 1 kHz. The DC
offset is compensated through a DAC which is controlled by a PLD at a speed of 1/8th of
the bit rate.

The I&D process is performed on the digital samples. The purpose of the pre-convert
analog filters is to prevent noise aliasing without causing inter-symbol interference. Four
LPF’s yield a good compromise, as discussed in the next section. The widest bandwidth
LPF was placed at the start of the analog input stream to limit the input signal bandwidth
and bandlimit the noise. For those data rates requiring a narrower filter, the output of a
narrower LPF is selected using the 1 of 4 switch. The A/D converter generates 8-bit
digital samples from the analog data at the convert clock rate, up to 25.6 Msps. The ADC
used is the AD9048, a 35 Msps Flash Converter with latched samples. The I and Q inputs



of the BSC accept 6-bit values, so the samples are mapped to 6 bits by a PROM. The
mapping function is selected by the controller based on the number of accumulations
performed in the I&D, with the goal of preventing saturation in the accumulator.

The code conversion is performed in two EP1800 PLDs at the bit rate. For Biphase and
Di-Biphase codes, the bit clock is actually twice the bit rate to match the level transition
rate. This limits these codes to a 2.5 Mbps rate. The first PLD decodes any input format
to NRZ-L, creates an NRZ-L clock, and generates the soft decision outputs. The second
PLD converts the NRZ-L bits to the output format, and provides control of the code
conversion process.

The convert clock is generated by the MSB of the 28-bit NCO in the BSD. This clocks
the data through the sample path. The I and Q I&D outputs are summed in MAC chips to
reduce the data processing rate of the microcontroller to about 1 kHz. These MAC
outputs are read into the 8752 and used for the AGC loop and lock detection. The signal
amplitude is also output from the BSD for accumulation after mapping from 8 to 4-bit
values. The signal amplitude output is just the magnitude of the I output, since the Q
contribution to the *I* + *Q* calculation is disabled. The 4-bit *I* values are squared and
accumulated, and read by the microcontroller for use in the E /N  estimation.b o

The 8752 has an 8-bit multiplexed address and data bus which is connected to all
components which must communicate with the controller. The address decoding is
performed by an Alters EP1800 Programmable Logic Device which contains 32
macrocells in a 68-pin PGA. These devices provide a high level of flexibility in the
hardware design while also consolidating board space. The MAC functions are also
controlled by an EP1800 PLD, which sets the accumulation count based on the selected
bit rate.

The bias compensation loop requires fast updates to track AC variations in the signal.
This led to an implementation excluding the microcontroller from the loop. The I data
values are fed through a PROM which performs the discriminator function. The 4-bit
discriminator values are then summed in an 4-bit saturating accumulator. The MSB of this
accumulator is used to control the direction of a 9-bit up/down counter. The 8 MSBs of
the counter are sent to the offset DAC every 8 bit times. The counter and loop control are
implemented in an EP1800 PLD.

The external interface is provided by the microcontroller. In local mode, all parameter
selection is performed by the user through the front panel. The microcontroller updates
the current parameter selection on the 2 X 40 character LCD display. In remote mode, all
parameters are set by commands over an RS-232 serial interface. An alternate
configuration of the SBBS will allow for an external interface over a VME bus, replacing



the front panel connection. This configuration is used as part of the Stanford Telecom
SGLS Tracking Receiver based on a VME chassis with a single-board computer.

The SBBS is implemented on a single 9" X 11" double-width VME card which has 4
SMB mini-coax connectors for the analog inputs. The stand-alone configuration mounts
the PCB in a 1.75" high, 19" wide chassis, with back panel BNC connectors and a DB-9
RS-232 connector.

Design Trades and Issues

The wide range of bit rates accepted by the SBBS mandates that multiple LPFs with
different bandwidths must be used to limit the noise into the A/D converter. There are
many considerations which must go into the selection of the LPF bandwidths and
assignment to a bit rate range. The key issues are:

1. LPF bandwidth must be at least 16 times the bit rate to limit the BER degradation
from inter-symbol interference. ( )2

2. Sample rate must be at least 2.5 times the LPF bandwidth for BER degradation from
noise aliasing to be .5 dB or less. ( )3

3. Hardware complexity increases with the number of filters required.

The other factors which affect the trade-off are the limit on the sample rate of 32 Msps,
with a preferred limit of 26 Msps, the range of allowable samples per bit of 4 to 128. The
LPF selection issues are closely intertwined with the issue of data levels at the BSC input.
Figure 5 shows the accumulation processing done in the BSC to produce I & D outputs.
A primary concern is prevention of saturation in the front end accumulator, which would
degrade the performance of the system. The maximum gain through the accumulator is 4,
for the 16-accumulations case. This case was not used in the design, as it would have
required data levels at the A/D output of 2 LSBs, which is too coarse a quantization. The
final configuration of LPF bandwidths, bit rate range assignments, and sample rates is
given in Table 2.

The automatic gain control loop required analyzing where to locate the control tap, i.e.,
what point in the data stream to keep at a constant level. The key design issues for the
AGC are:

1. Effects of timing errors on the power estimate

2. Effects of E /N  different than design point for power levelb o



3. Ability to control data level independent of noise level

4. Hardware complexity

The implementation selected is shown in Figure 6. The advantage of using the value *I*
instead of I  is that the worst-case noise level will change the expected value of *I* very2

little, while that of I  can vary by 33%. Both the in-phase and midphase sums are used to2

lessen the effects of timing errors on power estimation. The amount of hardware in this
implementation is small. The in-phase and midphase sums are used for lock detection as
well, which makes this implementation efficient. The lock detector computes *I* - *Im*,
sums over 512 bit periods, and compares the result to a threshold.

Performance Testing

The BER degradation is found to be 1 dB or less for various bit rates tested at E /Nb o

ranging from 7 to 12 dB. Comparing the SBBS side-by-side with other bit synchronizers
on the market found equal or lower BERs for the same input signals.

The acquisition capability of the SBBS was tested by offsetting the bit rate of the link
analyzer from the value selected for the board. The SBBS was able to acquire within a
range of at least ±5% of the specified bit rate. Lock was maintained down to 0 dB E /N .b o

Blanking of 128 bits in a 2047 bit PN sequence did not cause a loss of lock.

Summary

A single board implementation of a bit synchronizer has been described. The unit
provides state-of-the-art performance in a compact design which can be used in a stand-
alone or VME bus configuration with other receiver components. The miniaturization is
achieved through the use of ASIC design and PLDs. These provide the integration of
many TTL-type devices in a few chips, while maintaining a design flexibility through
reprogrammability of the PLI)s.

Acknowledgement

The BSD chip designer, Leland Mah, provided invaluable assistance in corporating the
chip into the hardware.

References

(1) Burgess, G., “Single Board BPSK Demodulator/Bit Synchronizer,” STI IR&D
Report, STI-TR-89301, March, 1989



(2) Jones, J.J. “Filter Distortion and Intersymbol Interference Effects on PSK Signals,”
IEEE Trans. Comm. Tech., April, 1971.

(3) Natali, F. “Performance Analysis for a FH/8-ary MFSK Receiver,” STI IR&D
Report, STI-TM-23011, March, 1982.

TTC 6/6/89-36781

Figure 1. Top-level Bit Synchronizer Functions



 Table 1. Specification/Performance

PARAMETER SBBS

SYMBOL RATE NRZ - 250 bps - 5 Mbps
 (125 bps - 2.5 Mbps CODED)
BIØ,DIBIØ -250 bps-2.5Mbps
 (125 bps - 1.25 Mbps CODED)

INPUTCODING NRZ. BIØ
 (DM-M, DWS, MILLER FUTURE ENHANCEMENTS)

INPUTS 1 OF 4

INPUT IMPEDANCE 75S, 20KS OR AS REQUIRED; UNDER FRONT PANEL CONTROL

INPUT SIGNAL LEVEL 0.25 TO 10 VPP

BASELINE SHIFT MAINTAINS BER INTEGRITY FOR:
C CONSTANT OFFSET UP TO PEAK VALUE OF INPUT SIGNAL
C VARYING OFFSET WITH FREQ UP TO .1% OF BIT RATE AND AMPLITUDE

UP TO 20% OF PEAK-TO-PEAK INPUT LEVEL

OUTPUT CODING (HARD DECISION) SAME AS INPUT CODINGS FRONT PANEL OR REMOTE SELECTABLE.

CLOCK OUTPUTS 0E, 90E, 180E, 270E

SOFT DECISION 3 BIT

ES/NO ESTIMATOR YES (3 TO 17dB IN 1dB STEPS)

ACQUISITION RANGE ±5% OF BIT RATE

DETECTION MODE C INTEGRATE& DUMP
C FILTER & SAMPLE FUTURE ENHANCEMENTS

ACQ. ES/NO 0 dB

TRACKING ES/NO -3 dB

BER PERFORMANCE 0.8 dB @ 10-6

 BER I&D MODE

TRANSITION DENSITY BIPHASE OR MILLER - ANY TRANSITION DENSITY
NRZ-128 CONSECUTIVE SYMBOLS W/O TRANSISTION WITH NO LOSS OF
LOCK

ACQ./TRACK B.W. SWITCH YES

LOOP BANDWIDTH TRACKING BANDWIDTH SELECTABLE
 - 8 VALUES FROM .1% TO 1.6% OF BIT RATE
ACQUISITION BANDWIDTH 8 TIMES LARGER
 (UP TO MAX. OF 5%)

REMOTE INTERFACE STANDARD RS-232 OPTION IEEE-488

CARD BUS VME OR STAND ALONE
1.75" CHASSIS

PUB 5-24-89/5107 AJ



Table 2- Filter and Bit Rate Assignments

data rates sampling (LSB)
[kHz] rate [kHz] at A/D

F I
E & A/D A/D
A D LPF sigma/m input input

c c off at A/D high op.
n n SNR Point
t t

cut at at

Max. V

(Note 1)

0.25 - 0.60 8 8 .016 - .038 6.4 4.5 - 2.9 3.1 -  4.6 4 3.4
0.60 - 1.20 4 8 .019 - .038 6.4 2.9 - 2.0 4.6 - 6.1 4 3.4
1.20 - 2.40 2 8 .019 - .038 6.4 2.0 - 1.4 6.1 - 8.0 8 6.9

222.40 - 4.00 1 8 .019 - .032 6.4 1.4 - 1.1 8.0 - 9.6 8 6.9

4.00 - 9.60 8 8 .256 - .614 102 4.5 - 2.9 3.1 - 4.6 4 3.4
9.60 - 18.75 4 8 .307 - .600 102 2.9 - 2.1 4.6 - 6.0 4 3.4

18.75 - 37.50 2 8 .300 - .600 102 2.1 - 1.5 6.0 - 7.9 8 6.9
37.50 - 64.00 1 8 .300 - .512 102 1.5 - 1.1 7.9 - 9.6 8 6.9

64.00 - 150.00 8 8   4.1 -  9.6 1638 4.5 - 2.9 3.1 - 4.5 4 3.4
150.00 - 300.00 4 8   4.8 -  9.6 1638 2.9 - 2.1 4.5 - 6.0 4 3.4
300.00 - 600.00 2 8   4.8 -  9.6 1638 2.1 - 1.5 6.0 - 7.9 8 6.9
600.00 - 1000.00 1 8   4.8 -  8 1638 1.5 - 1.1 7.9 - 9.5 8 6.9

1000.00 - 1600.00 2 8 16    - 25.6 6400 2.2 - 1.8 5.7 - 6.8 8 6.9
1600.00 - 3200.00 1 8 12.8 - 25.6 6400 1.8 - 1.3 6.8 - 8.8 8 6.9
3200.00 - 5000.00 1 4 12.8 - 20 6400 1.3 - 1.0 8.8 - 10.3 16 13.8

PUB 5/25/88/5108LT

NOTES:

1. This is the maximum allowable voltage level of the signal at the A/D input.
(Probability of clipping of signal plus noice is 2 sigma level)

2. Operating point (Es/No for which clipping probability has to be met) : Es/No
= 1.5 dB

3. AGC keeps mean of I&D output (absolute value) at 32
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Figure 2.  SBBS Functions



Figure 3.  Bit Synchronizer Chip
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Figure 4.  SBBS Hardware



! FULL-RANGE OUTPUTS FROM ADC COULD CAUSE
SATURATION AT FEA OUTPUT

IRD 5/23/89-32633

Figure 5.  Processing of Digitized Samples

! USES ON-CHIP PROCESSING TO GENERATE INPHASE AND
MIDPHASE SAMPLES

Figure 6.  AGC Implementation


