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ABSTRACT

This paper discusses the design and performance of the FM/PM/BPSK "personal
computer card-based" receiver. In PSK, a carrier recovery technique must be used for
signal demodulation. Costas loop is a well known method and is the basis in the
design of the BPSK demodulation. A new design approach employing digital Box Car
arm filters is used to improve receiver performance and flexibility. Detail design and
performance of the digital Costas loop will be explored in a later section. A classical
technique is employed for Phase demodulation with the use of tracking Phase Lock
Loop. Frequency demodulation is designed around a simple, single FM discriminator
IC.
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INTRODUCTION

In today's telemetry application, the receiver is required to have the capability to
process a variety of signal modulations, handle a wide range of data rates, and be able
to be directly integrated into a computer system.

Systems Engineering & Management Company (SEMCO) designed and built a
unique, compact IBM-PC card-based FM/PM/BPSK IF Receiver, the PCSR-200,
operating within the frequency range from 102.5 MHZ to 172.5 MHZ in 100-kHz
steps. This receiver is capable of supporting the reception of high-resolution/real-time



satellite data ranging from 66.56 kbps to 2.111 Mbps. Data of various PCM formats
are supported: NRZ-L, NRZ-M, NRZ-S, and Bi-phase. The receiver is mounted on a
full-size IBM-AT/XT card that allows the receiver to interface directly with the PC.
Channel selection, IF filter selection, PM and BPSK mode selection, data rate
manipulation, and operational status are fully controlled by the PC.

This paper first presents the over-all description of the FM/PM/BPSK "card-based"
receiver and then describes the operation of each of the receiver's functional blocks.
Since the Costas loop is the central architecture of the system. Costas loop theory and
design will be discussed in detail. Finally, test results will be presented to support the
receiver performance.

SYSTEM DESCRIPTION

The IBM-PC card-based FM/PM/BPSK IF receiver consists of two major parts: the
FM/PM/BPSK receiver and the computer interface circuitry. Figure 1 is a picture of
the PM/BPSK receiver. The receiver is a 4.45 in. X 8.75 in. X 0.5 in. block mounted
on the standard IBM-AT/XT card; control circuitries and computer interface occupy
the remainder of the card. The two SMA connectors are used for IF input signal and
sampled 70 MHZ IF. Signals such as PM/BPSK data output, FM data output, receiver
signal strength indicator (RSSI), lock detect indicator, AFC loop stress, and sampling
clock are buffered out to the DB-25 connector to provide the users with additional
monitoring capability and flexibility. The entire card-based receiver is supported by a
simple menu-driven program. Upon program loading and execution, the operator will
have full control of the receiver operation. From the control panel (PC monitor), the
operator can select the mode of operation (PM or BPSK), receiver frequency of
operation (102.5 MHZ to 172.5 MHZ in 100-kHz steps), data rate carried by the
received IF signal, and IF filter to provide optimum E /N . Also, receiver lockb 0

conditions (Costas loop lock and synthesizer lock), RSSI, and Costas loop stress

Figure 1. Picture of the PM/BPSK Receiver



(Frequency Offset) indication are directly monitored and displayed. FM data output
mode can be independently accessed without computer control.

THEORY OF OPERATION

As illustrated in Figure 2, the FM/PM/BPSK receiver consists of the following
functional blocks: RF front-end, Synthesizer, 70 MHZ IF, FM discriminator, Filter
bank, AGC, Costas loop and tracking PLL.

The RF front-end consists of a specially designed wideband, symmetrical, linear phase
70 MHZ band-pass filter centered at 137.5 MHZ, a mixer for signal down-conversion,
and amplifiers to maintain IF signal at a proper level during signal processing.

The synthesizer functions as a programmable LO that allows different channel
selection in 100-kHz steps. To achieve the desired probability of bit error rate (10E-6)
at a given E /N , the programmable LO (synthesizer) is carefully designed to provideb 0

optimum phase noise performance. In this design, the synthesizer phase noise
performance is -75 dBc/Hz at 10 kHz offset from the LO frequency, the open-loop
bandwidth is 5 kHz and phase margin is 54 .o

The signal from the RF front-end is then mixed with the synthesizer frequency to
produce a 70 MHZ IF signal.

A 70 MHZ IF block provides further signal filtering by a symmetrical, linear phase 5
MHZ band-pass filter. This filter guarantees the 2.111 Mbps BPSK signal to pass
through undistorted. The filtered IF is then branched off to an IF limiter/FM
discriminator block and BPSK/PM demodulation block.

The IF limiter/FM discriminator block consists of IF limiter, FM discriminator, and
post-detection amplifier/filter sections. A hard limited 70 MHZ sampled IF and signal
strength indicator are provided by this block for operational status and monitoring
purposes. For FM operation, FM data outputs can be taken at the post detection
amplifier output.

Prior to being demodulated, the 70 MHZ PM/BPSK IF signal passes through a
pre-detection filter bank that consists of two SAW filters: 500 kHz and 1 MHZ. An
appropriate filter will be selected to allow the signal of a known data rate to pass
through without too much Signal-to-Noise ratio degradation and intersymbol
interference (ISI). For signals carrying 1.024 Mbps and above, the by-pass path will
be selected.





An AGC circuit is incorporated in the receiver design to maintain the IF level almost
constant to improve the receiver sensitivity. The AGC has a 60-dB range and this
allows the receiver to operate from -75 dBm to -10 dBm without degradation in bit
error probability.

BPSK demodulation is accomplished by the Costas loop that consists of I-Q
demodulator, digital PLL, and digital Box Car filter. The digital PLL operates on the
information derived from the given data rate. For each data rate, a set of binary code is
used to set the number of counts that divide the frequency of the internal crystal
oscillator to provide a sampling clock equal to four times the selected data rate. This
sampling clock functions as a system clock to the digital filter. The digital filter
samples In-Phase and Quadrature signals from the I-Q demodulator and provides
digital filtering. Filtered data then address a PROM that implements the Exclusive-OR
function to provide an AFC signal. A second-order loop filter integrates this AFC
signal and outputs a control signal to drive the VCO. In addition, an automatic
sweep/steer circuit is included to enhance signal search and acquisition. During the
absence of the input signal, the sweep/steer circuit takes control of the VCO, forcing
the VCO to sweep over the range ±150 kHz around the 70 MHZ IF. When the 70
MHZ input signal is present, the Costas loop locks up as the VCO frequency sweeps
into coincidence with the signal. This inhibits any further changes of VCO frequency.
The steady VCO control voltage feeds back to the sweep/steer circuit and stops the
sweep/steer action and maintains the loop in lock condition.

A slight modification of the Costas loop allows phase demodulation operation. Here, a
switch is used to switch the loop filter input from its normal Costas loop operating
position to the Q-arm multiplier output. This eliminates the entire digital filter and the
I-arm multiplier and forms a basic PLL. PM detector output is taken at the Q-arm
multiplier output.

Figure 3 illustrates the computer interface block diagram. Data bus I/Os and bus I/O
controls are performed by special programmable peripheral interface ICs that are the
heart of the receiver/computer interface circuitry. A/D converters transform the
receiver's analog data to digital format for signal monitoring purposes.

COSTAS LOOP CIRCUIT THEORY AND DESIGN

In Digital Communications, a data stream must be modulated onto a carrier frequency
that is generated in the transmitter from a local reference oscillator before it can be
transmitted over the communications channel. The most efficient modulation
technique is coherent. In the receiver, coherent demodulation requires exactly the
same carrier frequency and phase to perform the demodulation. This carrier recovery



Figure 3. Computer Interface Block Diagram

can be done by many techniques, among which the Costas loop is the most common
technique that is used in this design.

Figure 4 illustrates the block diagram of a basic Costas loop. Consider a BPSK input
signal m(t):

 (1)

where

and the VCO signal is

 (2)

where



Figure 4. Conventional Costas Loop Block Diagram

A Costas loop generates a coherent phase reference independent of the binary
modulation by use of both in-phase and quadrature channels. By multiplying the input
signal m(t) with the VCO signal g(t) and filtering out the high frequency term, the
result at the in-phase arm (I-arm) is:

 (3)

Similarly, multiplying the input signal with the 90 phase shift version of the VCO ando

filtering out the high frequency term results in a sine function at the quadrature arm
(Q-arm):

 (4)

The product of equations (3) and (4) above is a function of the difference in the input
phase and the receiver estimate of phase. This phase error can be written in the
following form:

 (5)



When the phase difference is zero or some multiple of B, the loop becomes locked and
the I-arm output produces the data message. The Q-arm output reverses the polarity
each time the modulation changes sign and results in an average output of zero.

Figure 5 describes some details of the improved digital Costas loop. The majority of
the design applies the conventional Costas loop theory and it includes the main Costas
loops the VCO, the sweeper and its associated control circuitries. The I-arm and
Q-arm analog filters are replaced by digital Box Car filters. Signal samplings and
processings are performed by clocks equal to four times the bit rate and are generated
independently by the digital PLL.

Figure 5. Digital Costas Loop Block Diagram

As a minimum design requirement, the BPSK receiver must achieve less than 10E-6
probability of bit error (P )s given a bit energy to noise power spectral density ratioe

(E /N ) of 10.6 dB for any specified data rate ranging from 66.56 kbps to 2.111 Mbps.b 0

In addition, the Costas loop must be able to acquire lock and maintain the lock
condition within ±85 kHz of carrier drift. This carrier drift accounts for Doppler
frequency changes and any clock instability that might occur in the transmit/receive
system. In order for the loop to track the carrier and improve acquisitions a sweep
circuit is added. The rate of frequency sweep is chosen to be approximately 200
kHz/sec. This slow sweep rate ensures that frequency lock will occur when the VCO
sweeps through the input frequency, and once the phase lock is detected, the sweeping



signal will be removed before it drives the loop back out of lock. Just as important as
designing a PLL, the Costas loop design requires careful analysis of the loop filter. A
properly designed loop filter will enable the system to achieve high stability, good
noise performance, and good lock-in time. In this design, the loop achieves its best
performance when the open loop bandwidth is 800 Hz and the phase margin is 70 .o

One very important problem when implementing the Costas loop design is that the
two arm filters must be perfectly matched. With the two filters matched, it is possible
to achieve the theoretical optimum performance. Digital filter approach is an attractive
choice for this design. I-arm and Q-arm analog outputs are sampled by the two 4-bit
A/D converters and transformed to a digital format that is the discrete time domain

version of the analog transfer function of the arm filters. The phase detector is
implemented by an Exclusive-OR gate whose truth table is stored in a PROM. Its
outputs are pulses representing the phase detector error and are integrated and filtered
out to drive the VCO. The digital filter approach is preferred over its analog
counterpart; it does not require any precision or tight tolerance components that
exhibit aging problems which most standard analog designs are subjected to.
Additionally, for future enhancement, this design can be converted to QPSK
demodulation by simply reprogramming the PROM that contains maps of the PSK
state diagram.

Phase demodulation is developed based on the knowledge of the basic operation of the
Costas loop: in the absence of modulation, the Q-arm acts as a conventional PLL, with
the Phase detector error voltage developed at the output of the Q-arm multiplier.
Figure 6 illustrates the block diagram of the modified Costas loop being used as Phase
Demodulator.

RECEIVER PERFORMANCE

The receiver performance is greatly based on its ability to perform over a specified
E /N without much deviation in bit error probability from the theoretical P curve. Asb 0 e

mentioned in the previous section, the desired bit error must be less than 10E-6 for
E /N equal to 10.6 dB.b 0



Figure 6. Modified Costas Loop for BPSK and PM Application

Since carrier power is a known parameter and we have control over its value, it is
always more convenient to express carrier power in terms of its equivalent E . Theb

following equation describes the relationship between carrier power (C) and E :b

 (6)

 (7)

where



For example, for a signal input of -40 dBm and a data rate of 1.024 Mbps (corresponds
to 10Log(1.024E6)=60.1 dB bps), the bit energy will be -100.1 dBm (i.e., -40 - 60.1).
To obtain 10.6 dB E /N , the noise generator will be set to provide a noise powerb 0

spectral density of. -110.7 dBm/Hz.

We tested the receiver with various data rate and PCM formats (NRZ-L, NRZ-M,
NRZ-S, and Bi-phase-L), and the results are very well within ±1 dB of the theoretical
curve. In other words, the probability of bit error rate is zero for E /N =11.6 dB. Theb 0

PM mode is tested for 665.4 kbps Bi-Phase-L signal. The PLL remains locked for
modulation index as high as 75 . Table 1 lists the bit error rate test results for variouso

data rates.

One other important parameter that needs to be tested is the receiver's ability to track
Doppler frequency change. This phenomenon occurs when the source of transmitting
signal (i.e., satellites, airborne vehicle, etc.) is in motion relative to the receiver. This
receiver solidly locks on to the input signal and maintains the lock condition when the
input signal changes its frequency within ±150 kHz of the center frequency.

Table 1

CONCLUSION

Three important goals was set forth during the initial design phase of this receiver:
wide range of data rate, probability of bit error performances and ability to handle
Doppler frequency change.

Besides loop filter and pre-detection filters that determine the receiver's data rate
handling capability, the digital PLL is equally important. Its ability to provide
sampling clocks equal to four times the data rates solely determines the low and high
limits in data rate the receiver can support.

The test results obtained during experiments prove the superiority of the receiver
performance. With careful analysis and design, the receiver can handle a wide range
of Doppler shift that is most likely to occur in every telemetry application, and also



the measured probability of bit error rate can closely approach the theory.
Furthermore, as noticed during experiments, false lock condition never occurs. This
achievement is credited to the very well designed steering portion of the sweep/steer
circuit that drives the VCO away from the unstable lock condition.

Besides the above mentioned capabilities, the FM/PM/BPSK also has added values
from the user's point-of-view. With the use of a frequency down-converter, this
receiver can be operated with any higher frequency band. Its special small form-factor
makes it an ideal choice in applications where limited space is considered as a serious
factor in system design.
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NOMENCLATURE

A/D Analog to Digital
AFC Automatic Frequency Control
AGC Automatic Gain Control
BPSK Binary Phase Shift Keying
E /N Bit Error to Noiseb 0

FM Frequency Modulation
IC Integrated Circuit
IF Intermediate Frequency
I/O Input/Output
ISI Intersymbol Interference
LO Local Oscillator
PCM Pulse Coded Modulation
P Probability of Bit Errore

PLL Phase Lock Loop
PM Phase Modulation
PROM Programmable Read Only Memory
PSK Phase Shift Keying
QPSK Quadrature Phase Shift Keying
RSSI Receiver Signal Strength Indicator
SEMCO Systems Engineering & Management Company
STT Small Tactical Terminal
VCO Voltage Controlled Oscillator


