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ABSTRACT

Present bandwidth limiters use a six-pole bessel filter approach to limit the power
bandwidth of the transmitter to IRIG-106-86 requirements. However, the filter must be
reconfigured if frequency changes in the data stream are desired for system requirement
purposes, eg. adding encryption. The circuits set forth herein will provide for frequency
change of the data stream while also providing a power increase by reducing the out of
band power.

1.   INTRODUCTION

Virtually all missile and aircraft telemetry is Pulse Code Modulated (PCM). PCM systems
provide a large SNR in the output data channel since the quantized noise power is
effectively reduced by 6 dB per word bit. Additionally, the reliability of the link is
increased for equal to or less than the volume and weight in an analog system. However,
the spectrum occupancy of PCM is several times greater than for analog. IRIG 106-86
provides the telemetry standard for allowable PCM occupancy. The allowable occupancy
dictates the PCM output filter (PREMOD filter) attenuation requirements, and optimum
Bit Error Rate (BER) dictates the cutoff frequency and the type. The standard filter used
for premod filters is a six-pole bessel (linear-phase) filter with a cutoff at 0.7 times the bit
rate (for NRZ-L). This filtering causes a 010101 data stream to have 90% of the peak-to-
peak amplitude of a 000111 data stream. This lowers the BER for a given power of the
link. Also, the bit transition spacing is disturbed slightly, but Bessel filters are constant
delay far below their cutoff frequency so the disturbance is only in the data’s harmonics.

Test ranges are increasingly requiring encryption of data. NSA has responded by
producing devices to encrypt PCM telemetry. The trend in telemetry is to build a unit
which will accept PCM data, encrypt the data using an approved NSA device, and premod
filter the output for input into a standard telemetry transmitter. A problem occurs when the



input data rate changes as little as 6 dB. This can occur when a program has two phases
with each phase having different telemetry data. The standard solution is to either buy two
sets of equipment or have the units modified for the second phase.

2.   OBJECTIVES

My objective has been to build a field programmable premod filter for PCM telemetry
data. The approach permits use of the filter with or without encryption, although its
primary use will be in encryption systems and/or systems with varying bit rates. The
design permits programming over a range of 1 KBPS to 10 MBPS. The amplitude of a
010101 pattern is the same as a 000111 pattern. The filter has a linear phase response, i.e.
a constant delay for a given bit rate.

3.   METHOD

Instead of taking a digital signal and reducing its spectrum occupancy by brute-force
filtering, we transform the signal into a signal with the required occupancy limits and with
the necessary characteristics. The transform for close to optimum Bit Error Power (BEP) is
a sine-transition transform as stated below.

Table 3.1
Sine-Transition Transform

DATA PATTERN OUTPUT

00 low

01 rising sine wave (-pi/2 to pi/2)

10 falling sine wave (pi/2 to -pi/2)

11 high

A non-sine transition transform would minimize the spectrum occupancy but it will reduce
the BEP, whereas sine trasition transform provides optimum BEP with the minimum
required filtering while retaining the bit transition spacing (constant delay for all patterns).
Figure 3. 1 shows the standard eye pattern the Sine-Transition transform.



NRZ-L Eye Pattern
Figure 3.1

4.   IMPLEMENTATION

The improved circuit is constructed with three building blocks: a digital sine wave source,
a transition detector, and a digital-to-analog converter (DAC). The sine wave source
outputs a half sine wave (-pi/2 to pi/2) into the detector. The detector outputs a signal (see
Table 3.1) depending upon the incoming data. The DAC converts the detector’s digital
output into the analog signal having the desired characteristics.

Digital Sine wave Source

The sine wave’s frequency is equal to half of the bit rate for NRZ-L and equal to the bit
rate for BIO-L. Since the source outputs only rising edges, the frequency of the edge
repeating is twice that of the sine wave frequency. Therefore, the source frequency is equal
to the bit rate for NRZ-L and twice the bit rate for BIO-L. The amplitude in digital form
equals 0000(hex) for -pi/2 radians, 8000(hex) for 0 radians, and FFFF(hex) for pi/2
radians. A number controlled oscillator (NCO) and a look-up-table (LUT) can create this
source.

The NCO is an N-bit adder and a N-bit latch as shown in Figure 4. 1. As the output of the
latch is fed back into one side of the adder, every time the latch is clocked the output of
the latch increases by the NCO input (P). The frequency of the NCO (Fn) follows the
equation below.

The operation of the latch can be described on a unit circle as a change in phase. Since one
full cycle is set to the bit rate (for NRZ-L) , the most significant bit (MSB) of the latch is
equivalent to the bit clock as shown in Figure 4.2. Therefore, by changing the phase
increment (P) , one can change the NCO frequency and adjust the filter’s bit rate set point.



NCO Diagram
Figure 4.1

Phase Description of an NCO
Figure 4.2

The output of the NCO ranges from 0000 (hex) to FFFF(hex) . This output is strictly
linear. The LUT converts the NCO output into a rising sine wave. Figure 4.3 shows a four
bit NCO’s and a four bit LUT’s output. The LUT is a large ROM whose addresses are
controlled by the output of the NCO.



NCO and LUT Outputs for a 4/4 Bits
Figure 4.3

Transition Detector

The transition detector stores two bits of data sequentially. Let D  be the previous datan-1

bit, D  be the present data bit, and D be the concatenation of the two. Therefore, if D = 00,n

the detector outputs 000(hex). If D = 01, the detector outputs a rising sine wave, i.e. the
LUT output. If D = 10, the detector outputs a falling sine wave, i.e. the LUT output
inverted. If D = 11, the detector outputs FFF(hex). The detector can operate on each bit of
the LUT with the same equation shown below where L  is a LUT bit.i

DAC

The DAC converts the detector’s digital output into an analog signal. I have post filtered
the DAC to remove the quantization steps (extra harmonics) inherent in a DAC conversion
and to provide premod filtering for very high frequencies. Regarding the harmonics,
computing the fourier spectrum of the DAC output shows the step quantization effect on
the output spectrum. Frequency peaks appear symmetrically around integer multiples of
the NCO clock frequency (Osc.) as shown in Figure 4.4. As the bit rate approaches
one-half of Osc., the transform reverts back into a digital signal. Therefore, a fixed output
filter set at 0.35 times the oscillator frequency is required to meet the bandwidth limiting
requirements. As regards the high frequencies, the impact of adding a post-filter is small in



that the oscillator frequency is high corresponding to a small filter. This creates two areas
of concern (1) the extra harmonics and, (2) high frequencies casued by the bit rate
approaching the Nyquist rate. The DAC and filter outputs are shown in Figure 4.5.

Fourier Spectrums of DAC Outputs
Different Bit Rates

Figure 4.4

5.  RESULTS

Figure 5.1 shows the baseband spectrum of a random NRZ-L signal and the spectrum after
the signal has been filtered by a six pole bessel filter. Figure 5.2 shows the baseband
spectrum of the transformed random NRZ-L signal. The major difference between the two
spectrums is the lack of the second band in the transform spectrum. A transmitter provides
a constant power output. Therefore, if the second band is not present its power will reside
in the main band. The second difference occurs where the -40 dB point occurs. A
telemetry link can take advantage of this by lowering the receiver band width. This will
reduce the noise level and produce a higher SNR and improve the BEP.



DAC and Filter outputs for
Different Bit Rates

Figure 4.5

Using a 17.6 MHZ oscillator to run the NCO with a cycle count of 16 provided a 1.1 MHZ
clock. The LUT was a 256x8 ROM. The DAC filter’s cutoff frequency was set to 0.35
times 17.6 MHZ or 6.16 MHZ. Randomized NRZ-L data were filtered using a six pole
bessel filter (3 dB at 0.77 MHZ) and the transform technique. The transform technique
showed a 2.1 dB improvement in SNR at the 1.1 MBPS using a standard telemetry
transmitter and receiver. A 0.1 dB improvement was seen at 8.8 MBPS.



Spectrum of RNRZ-L Before and After
a Six Pole Bessel Filter

Figure 5.1



Spectrum of Transformed RNRZ-L
Figure 5.2


