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ABSTRACT

The High Explosive Radio Telemetry (HERT) is a telemetry system that utilizes a novel polar
differential 16-QAM to achieve a maximum data rate of 100Mbps during a destructive event. Sixty-four
channels of nearly simultaneous events are captured and timed with 10-nanosecond resolution. AUdata
is initially transmitted in less than 20 microseconds. Data redundancy and error detection is included in
the encoding format. The main telemetry module is approximately 13 cubic inches in size and has
optical inputs. It consumes about 5 watts of input power. A modular 10-watt transmitter is attached
which is operated in pulse mode. Though HERT has successfidly taken data in close proximity to an
explosive event, data has never been collected in HERT’s intended environment-a speeding, rotating,

exoatmoshpheric re-entry flight vehicle. Recent tests have been performed at Kwajalein Pacific test
range to ver@ theoretical data. This paper will discuss some background on the HERT system, the 16-
QAM constellation, and the results of the test, including a comparison of simulation and flight test data.
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INTRODUCTION.

The High Explosive Radio Telemetry (HERT) is a telemetry system @at has been designed to measure
the initial performance of an explosive package in flight. The fundamental time period of interest during
an explosive event is the first 100 microseconds after detonation. To meet this data acquisition need,
HERT was designed by Los Alamos National Laboratory (LANL) in conjunction with Honeywell
Federal Manufacturing & Technologies @FM&T). This system was developed with the ability to
transmit the data very quickly with high time resolution (10 nanoseconds). In addition, the system was
designed to minimize its effect on the resources of the delivery vehicle as much as possible by reducing
the overall power consumption and size reduction. In essence, HERT is a high-speed multi-channel
flying time-interval meter with microwave telemetry capability, as it captures event times for up to 64
fiber optic sensor inputs into the device. Fiber-optic sensor isolation is utilized to reduce the effects of
induced electromagnetic interference from the explosion.

To accomplish transmission of the data in a very short.time, a new polar differential-phase/absolute-
amplitude 16-quadrature amplitude modulation (QAM) technique was chosen. Use of a QAM type of
modulation allows for a lower symbol rate than would otherwise be required with BPSK or QPSK
Other advantages are that QAM data compression makes it easier to maintain the frequency spectrum ~
within the telemetry band. The polar format makes it easier to minimize constellation distortions, and
thus maximize efficiency, when considering component nonlinearities. Finally, true differential
encoding is very desirable in the event that coherent detection is impossible due to a loss of preamble
synchronization or frequency variations in the signal. A Xilinx field programmable gate array (FPGA),
with sophisticated logic programmingg, is used to control the system. Inphase (I) and quadrature (~
modulation method is used, allowing for a significant amount of system flexibility.

While this system has performed well on ground tests, actual flight testing remained for final proof of
the viability of the system. In conjunction with Sandia National Laboratories (SNL), the HERT system
described above was flown on a rnide on March 8,2000, with simulated telemetry data. The output
signal was collected using a combination of custom and standard receiver setups atone of the Kwajalein
Missile Range telemetry receiving stations.

MISSION DESCRIPTION

Normally, the HERT module gathers 64 channels of timing information. However, for this flight tes~ 32
channels of directly electrically connected information and eight fiber channels of data were utilized.
This was due to the uncertainty of the optics hardware surviving the rigors of flight conditions.
Electrical inputs were used to help insure that some of the test signals would remain intact and would be
measured by the HERT telemetry module. SNL developed and implemented a signal generation and
power-conditioning module that was comected to HERT to provide the appropriate test signal stimulus.
A picture of the HERT module and the SNL developed conditioning module that W* used for this flight
test is shown in Figure 1. A block diagram of the setup is also shown in the figure.
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F&m-e 1. Mission Transmitter Configuration

The HERT module used for this flight is a second-generation unit that was implemented using
Honeywell’s muki-chip module capability. For this development, many new technology breakthroughs
were accomplished to provide the miniaturization and ruggedness that was required. The output power
is 10 Watts and the complete unit, consisting of an optical interface, high speed signal processing,
differential QAM signal modulation, and output power conditioning and amplification is contained
within a box of 2 inches by 2 inches by 3 inches in size. The weight of the HERT module itself is about
1 pound. The total continuous power consumption is under 6 watts. The instantaneous power
consumption is higher due to the pulsed nature of the signal. In addition, for this test, the data rate was
reduced to 33 Megabits per second.

MODULATION FORMAT

While programmable, the present telemetry modulation method is a two-amplitude level, 16-QAM
differential-phase/absolute-amplitude polar format. The use of 16 differential states is convenient for
reasonably high bits per symbol packing density. The actual absolute constellation transmitted has 32
points. It is the transformed differential-phase/absolute-amplitude constellation that has 16 points. A
higher number of QAM modulation states would mean a higher signal-to-noise ratio required for reliable
signal recovery. Sixteen states appear to be a good compromise of data packing density versus signal-to-
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noise ratio. The modulation code has been designed to minimim the amount of data lost in the event of a
dropout and to allow for non-coherent as well as coherent signal recovery.

Differential-phase/absolute-amplitude polar QAM is a hybrid of dii%erentialand absolute referencing.
All data is encoded into differential phase transitions and absolute amplitude levels. The particular
method used transmits two amplitude levels with 8 phase difiierences at each level. All states are
uniformly and uniquely separated in phase by multiples of 22.5 degrees. For each absolute constellation
point transmitted, the differential phase of the symbol being sent is encoded directly into the phase
transition from the previous absolute state to the present absolute state. In other words, every phase is
referenced to the previous phase. The amplitude is the actual amplitude of the present absolute state.
There is a one-to-one encoding of hexadecimal states to actual transmitted phase transition and absolute
amplitude leveL

One major advantage of this method is that it allows either coherent or non-coherent demodulation. This
is a very important flexibility to have. If signal degradation is such that coherent carrier recovery is not
successful, data can still be recovered through non-coherent demodulation. In addition, non-coherent
recovery tends to minimize the size of the dropout, sincere-acquiring phase lock is not necessary. When
coherent carrier recovery is possible, however, this method produces a signMcant improvement in bit
error rate (J3ER) versus signal-to-noise ratio (E@LJ over non-coherent demodulation.

DEMODULATION

‘ Up to this point, all received signak have been capt&ed at a 70 or 75 MHz intermediate frequency on
high-speed digitizers. This signal is then down-converted digitally by a sophisticated Labview
demodulation program that was developed by HFM&T. The demodulation program has many options
and allows for signal recovery, even under very adverse conditions.

To demodulate, continuous amplitude referencing is accomplished by looking at high-to-low and low-
to-high amplitude transitions that fall with certain ratio limits.’ A running cumulative average of the
high amplitude values of those transitions is then used to scale all the absolute amplitude levels
appropriately. One easy method for non-coherent demodulation is to use “closest to” state assignment in
a transformed constellation in which absolute amplitude is plott@ but the phase that is plotted is
differential rather than absolute. This transformed IQ constellation is one of the unique features of the
differential-phase/absolute-amplitude method.

. . .

For coherent demodulation a much more complex algorithm is used. First, for each set of four absolute
received states, each of the states is assigned to the nearest ideal absolute constellation point. If these
represent a legal sequence of 3 differential transition states, then those are determined to be the actual
values. Otherwise, for each of the 4 absolute states, it and the 5 adjacent states (for 6 states total) are
determined. This makes a possible 6*6*6*6=1296 combinations. These possibilities are then narrowed
down to only those which represent a sequence of 3 legal differe@ial transitions. Of these possibilities,
the one with the lowest metric (sum of squares of four &stances betvieen ideal absolute constellation
positions and received positions) is chosen as the 3 differential states or 4 absolute states. Since this is
done each time advancing one state at a time through the “rmeived sequence, each differential transition

.



.

is assigned 3 times. Once again the metric is applied and the one of the three with the smallest metric is
chosen as the actual differential state.

.

RECEIVING STATION SETUP

Since the HERT module transmits short bursts of very high throughput dat~ and since commercial
equipment needed to demodulate the custom modulation at these data rates is not available, the HERT
receiving station depends on software demodulation.

,%
Since demodulation is performed in software, all that is required of the receiving equipment is to capture
a digitized representation of the transmitted waveform. Figure 2 shows a conceptual diagram of a
HERT receiving station, which includes a downconverter to produce an IF representation of the RF
waveform, a trigger to detect the presence of HERT data, and a digitizer to capture the IF waveform. A
computer performs the data transfer and demodulation.

Trigger

$Y ,

IF

4 Fignre 2. Conceptual Diagram of Receiving Station

The test described in this paper required the evaluation of receiving equipment with the hopes that
readily available ground station equipment might be used to capture the HERT data. A block diagram of
the receiver setup for the test is shown in Figure 3.
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Fignre 3. Block Diagram of Test Receiving Station
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Receiving Antenna
( There is nothing special about the antenna required to capture HERT data other than its size. Since the

16-QAM transmits 4-bits per symbo~ the symbol energy must be significantly higher than the traditional
l-bit per symbol PCIWFM or 2-bit per symbol QPSK To demonstrate, the maximum possible slant
range, the largest available dish at the KMR test facilit y was chosen, at 9 meters.

Receiver/Downconverter
The downconverter must transfer the data from the RF frequency to an IF kquency that can be captured
by commonly available digitizers. Most wideband telemetry receivers can support this function.

In order to evaluate and compare the performance of available equipmenk three reeeivers were chosen to
perform the downconversion. Refer to Table 1 for a description of the receivers evaluated during this
test.

.&_= .—=—_ . ...=

53:’&@-~@E~w:ticM4:Gcg::gg~~@- g&gIgyjggg:

Scientific Atlanta 7oMI& 40MHz
SA930-WB
Microdyne 70MHZ 40MHZ

MD1400-WB
Los Alamos National Labs 28MHz, 75MHz 100MHZ

Custom

,“.

Table 1: Receivers Evaluated

Digitiwr
l%; digitizer must capture the IF data with enough sigmd integrity for demodulation. Since the IF
output of most wideband receivers is around 70MHz, the digitizer must capture data at around 500Msps
(unless undersampling techniques are used), and have a memory depth suilicient for approximately lmS
of data. To evaluate the digitizer performance, five were chosen in order to compare 8-bit and 12-bit
resolutions. Table 2 lists the digitizers and their corresponding specifications chosen for this test.

Trigger
Since the HERT data is presented as a 600uS burst, an accurate ‘triggermust recognize the presence of
the datz and inform the digitizer to begin storing data. Several types of triggers were developed for this
application, but two are considered in this test.

The first detects the carrier switching on. Though this form is simple to implement, it is susceptible to
noise and jamming signals. False triggers might tie up ground assets and miss the true data bprst. Four
of these triggers were used with select digitizers. The detection threshold was staggered on each to
alleviate some fears regarding false triggers. ,.
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RTD 720A
Gage-Applied Sciences 8-bits 500 Msps
Compuscope 8500/PCI

Signatec 12-bits 125 MSPS

PDA 12A
ZTEc 12-bits 500Msps

ZT-400SCU I
Table 2: Digitizers Evaluated

The second trigger tested is a convolutional filter whose taps are set to recognize a fixed trigger pattern
transmitted byHERT preceding the data burst C1early this is more difficult to implement, however, it is
less susceptible to noise. One such trigger was used for this test.

RESULTS

Data presented in this paper was collected-at an estimated range of 800 Km from the receiving station.
: Signal strength was adequate for detection using both triggering concepts, filter and convolutional The

array of receiver equipment all recorded the transmitted differential 16-QAM test pattern. After the
received signals were demodulated, no parity errors (bit errors) were observed, when the transmitted
signal was not at a rotational nulL For example, Figure 4 shows the non-coherent demodulation results
on data received by the Scientific Atlanta receiver and the Ztec 12-bit digitizer.

One figure of merit that results from data demodulation is-the standard deviation, or spread of the signal
based on the.exact mapping of the 16 QAM states, i.e. the spread found in the 16 locations in Figure 4.
(The spreads listed herein are calculated with the outer circle amplitude level normalized to a value of
3.) From this standard deviation (std dev) the signal-to-noise ratio, E@JO,can be calculated, using the
following equation

E@lO, = 4.04- 20* log (std dev) (1)

The constant, 4.04dB, of Equation (1) is determined from simulations for a 120nS symbol period that
takes into account the transmitter/receiver filtering and normalized signal level used by the
demodulationprogram. From this signal-to-noise ratio, a theoretical bit error rate can be derived from
another simulation software program. Next, an estimated 1.Oe-4BER range in Km can be calculated
bayxl on the standard deviation of the data at a given range. Actually, two data points are required to
extrapolate a curve to the 1.Oe-4BER range, however only one estimated range (800 Km) is presented in
this paper. Table 3 shows the resulting data from each of the digitizers used in the receiving station.



Figure 4. Demodulated Data from SA Receiver and Ztec Digitizer.

Gage 4974 0.191 18.4 7.74e-7 1194

L

Signatec 4974 0.204 17.8 3.97e-6 1112

Ztec 4866 0.202 17.9 3.17e-6 1126

Table 3. Comparison of Digitizer Data.

The number of symbols received by the Ztec digitizer is less than the other three digitizers. This was
due to the fact that the Ztec had less memory than the other digitizers, and could not capture the entire
transmitted (redundant) sequence. However, the Ztec is a 12-bit digitizer, which accounted for a lower
standard deviation than the Tektronix TDS 8-bit digitizing scope, both of which were connected to the
Scientific Atlanta (SA) commercial receiver. The Signatec digitimr had a worse standard deviation than
the Gage, due to an extra downconversion step to 28 MHz. This downconversion was performed using
a nonlinear filter, which introduced some phase distortion. Also, since the SA receiver had more
inherent background noise, the standard deviations for the TIM and Ztec were worse than the Gage,
which was connected to the Microdyne receiver.
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The resulting data proves that existing commercial receivers found on military installations can be used,
speciilcally the Microdyne and Scientific Atlanta receivers. However, higher bandwidth needs may
require a custom receiver. Existing antennas and amplifiers found on military installations can also be
used, allowing for ease of test setup and integration. Either 12-bit or 8-bit digitizers can be utilized with
comparable results, for the signal strengths found in this test. Non-coherent demodulation techniques
were used for the data shown in Table 3. However, the data can also be demodulated coherently, which
does result in lower theoretical BERs, and greater 1.Oe-4BER ranges.

HERT transmitted a 33 Meg-bit/second,

CONCLUSIONS

16-QAM test pattern signal that was successfully detected,
recorded, and demodulated. Existing ground station equipment was used and easily adapted to receive
the HERT transmission. An approximate 800 Km range was demonstrated and calculations estimate a
range of about 1100 Km for reliable data collection. The HERT module and associated hardware
survived the flight environment and proved the 33 Meg-bit/second system as flight worthy. Vehicle
dynamics did not intefiere with HERT’s performance. Figure 5 presents the entire flight test data
received, however, only one data point was chosen for analysis in the paper. “
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Figure 5. Entire Flight Test Data for Each Digitizer.

A secondary goal of the HERT test was to evaluate ground station equipment for the HERT receiving
station. A receiver comparison indicates that the MD 1400-WB and LANL (custom) receivers produced
the highest integrity data. The SA930-WB was known to have more signal distortiori. In general, a
telemetry receiver with wide bandwidth and phase linearity will fimction well for gathering HERT data.

Comparison of digitizers reveals that the 8-bit digitizers functioned as well as the 12-bit digitizers. The
data collected indicates that the 12-bit digitizers produced lower quality data. This is likely a
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misrepresentation shce the 12-bit digitizers were coupled with weaker receivers. The LANL interface
j to the-Signatec digitizer required an extra down conversion, and the SA930 interface to the ZTEC was

probably-weakened by a higher noise figure of the SA930 receiver. It is probable that a test at the
hinges of the range capabilities would produce a significant improvement of 12-bit performance over 8-
bit performance. In addition, the greater dynamic range of a 12-bit digitizer is certainly desirable for
flexibility, ease of setup and automatic gain control (AGC) offsets.

A trigger comparison reveab that he convolutional and carrier-detection triggers each fimctioned well.
Not enough data was collected to conclusively choose one over the other. The choice is most ldcely
application dependent.

. . .
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