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Summary    Instrumentation of high-velocity re-entry rocket systems at Sandia
Laboratories has been complicated because of dependence on onboard magnetic tape
recorders to store data until the carrier emerges from the radiofrequency blackout. This
paper describes an approach designed to minimize the effect of the RF blackout by
means of employing a sampled data system the output of which consists of 1-Fsec pulses
of 2-kw RF power level. The effort was initiated in the spring of 1970 for the purpose of
obtaining real-time data during the re-entry blackout phase of a Sandia re-entry flight
test. Re-entry velocities in the vicinity of 25,000 fps are expected.

Introduction    Theoretical received data accuracy is investigated. This includes a
calculation of the maximum allowable plasma attenuation. The probability of a good data
frame is lotted as a function of the predetected signal-to-noise ratio (SNR). From the plot
the location of the SNR threshold and the performance in its vicinity are found. This is of
considerable interest because of the possibility of low SNR resulting from large plasma
attenuations. Also, from the plot a value of the optimum voltage threshold (the voltage
level in the pulse detector above which a signal is detected as a pulse and below which
no pulse is detected ) is found for SNR’s in the vicinity of the SNR threshold. For values
above the threshold, an estimate of postdetection data error is made.

The most crucial parameter affecting the design of a telemetry system capable of
transmission through a re-entry blackout is the severe attenuation of RF frequencies by
the plasma generated during re-entry velocities in excess of 25,000 fps. Another
complicating factor is the minimal volume available And a dearth of 28-volt battery
power. As compared to a typical 2-watt telemetry system, this system would utilize an



additional 30 db of power in an effort to overcome re-entry attenuation effects. Figures 1,
2, and 3 show vehicle performance parameters.

Method of Approach    In order to conserve power, a decision was made to utilize a
pulse position modulation system the 1.0-Fsec output pulses of which would grid-
modulate a 2250.5MHz planar triode resonant cavity oscillator-transmitter at the desired
sampling rate. Additional system components are a signal conditioning circuit to supply
grid drive and a terminated circulator to buffer and protect the output of the transmitter.
Output power is approximately 2 kw, occupying a bandwidth of approximately 10 MHz
at the -22 db points. A block diagram is shown in Figure 4.

Component Description

1.   PPM Commutator    The commutator time-multiplexes 64 channels, of which 8 are
subcommutated. Each main frame channel is sampled once every 10 msec (a 100-Hz
sample rate), while the subframe channels are sampled once every 80 msec (a 12.5-Hz
sample rate). All main frame data channels accept high-level signals from 9 to 5 volts.
The subcommutated channels accept differential signals of one of the preselectable
levels: 15 mv, 40 mv, or 1 volt. The commutator has two outputs: One is standard PAM
100% duty cycle NRZ per IRIG 106-69, and the other is PPM which is used for the re-
entry data system. The PPM waveform. consists of two pulses during each channel time
length of 156.25 Fsec. The first, or reference, pulse marks the beginning of the channel
and is used as the reference from which the time of occurrence of the second,, or data,
pulse is measured. The latter pulse varies from a minimum of 20 Fsec and a maximum of
140 Fsec from the reference pulse. The data pulse’s time position varies with the value
of that channel’s sampled data. For the decommutator to demultiplex the PPM data
frame, 2 channels without pulses (of the 64 -channels available) are used for frame
syncronization.

2.   Oscillator/Transmitter    This unit comprises a signal conditioner, oscillator, and a
two-section Butterworth BP filter having a 3-db bandwidth of 10 MHz. The oscillator
consists of a miniature ceramic UHF planar triode in a resonant tuned cavity. Its features
are its capability to generate high pulsed power (2 kw), high plate efficiency, and its
capability to operate at high average power conditions. Specifications for this component
are as follows: (a) frequency: 2.25 GHz; (b) power output: 2 kw; (c) pulse width:
1Fpsec; (d) operating temperature: +15EC to +65EC; (e) stability: ±1 MHz w/temp,
10 KHz/v B+ pushing; (f) modulator power input: -80 vdc @ 25 ma, +28 ±4vdc @ 50
ma; (g) oscillator power input: 2 kv @ 50 ma maximum, 6.3 v @ 1.5 a maximum; size:
2 1/2" x 4 1/2,” x 5" maximum; and (i) weight: 24 oz.



PPM Spectrum    While the fine structure of the PPM spectrum is determined by the
spacing between pulses, the envelope of the spectrum is determined by the spectrum of a
single pulse. The relative power spectral density for a trapezoidal pulse shape is shown
in Figure 5. The spectrum of a pulse train consisting of 1-Fsec pulses with fast rise and
fall times is shown in Figure 6. An oscillator similar to the one described above was
used.

Derivation of Signal-to-Noise Ratio    In derivation of the SNR, a range equation
indicating the signal power delivered to the antenna output is used:

where Pt is the transmitted power, Gt is the gain of the transmitting antenna, Ar is the
effective antenna receiving aperture, ' is the (polarization) coupling between receiving
and transmitting antennas, L is the transmission efficiency of re-entry plasma and
atmosphere, and R is the range of the transmitter from the receiver.

The transmitting antenna consists of a cylindrical quarter-wave monopole utilizing the
vehicle as the ground plane. This results in a gain of approximately 3 db (Gt = 2) and a
linear polarization in the plane perpendicular to the vehicle ground plane. With a circular
polarized receiving antenna, the coupling between the two antennas is -3 db ('  = 1/2).

The term containing the transmission loss caused by the plasma sheath and atmospheric
effects will be dominated by the plasma loss for the frequency considered. As a re-entry
vehicle enters the atmosphere at high velocities, an ionized sheath is produced by high
temperatures resulting from the vehicle’s shockwave and friction in the boundary layers
around the vehicle. Also, some ionized particles are produced by ablation of the re-entry
vehicle’s heat shield. The plasma sheath containing a high density of electrons attenuates
electromagnetic signals traveling through it.

The amount of attenuation is a function of the signal frequency, the plasma temperature,
and the density of ionized particles. Both temperature and density of particles decrease
with distance from the vehicle’s nose. Order-of-magnitude calculations may be made for
attenuation along the re-entry vehicle.1 However., there is insufficient theoretical and
experimental basis for predicting the attenuation in the wake.2 The temperature and air
density, however, should be low compared to the values near the front of the vehicle. To
keep the two principal plasma effects, attenuation and reflection, to a reasonable value,
signal frequency must be greater than plasma frequency. The plasma frequency is an
indication of the plasma’s electron density. The plasma frequency will be less than
the signal frequency if the plasma temperature is below 4000EK and the relative air
density (air density compared to that at sea level is below approximately 10-4.1 



As an example for re-entry, signal frequency is 2.25 Ghz, relative air density is 10-4, and
plasma temperature is 3500EK.  The plasma frequency is then 0.8 GHz. This results in an
attenuation of approximately 1.5 db/meter of plasma. In considering the reflection losses,
since the plasma frequency is less than the signal frequency, these losses are negligible.
However, for a plasma temperature of 4000EK and the same signal frequency and
relative air density, the plasma frequency is 3.19 GHz. This results in an attenuation of
approximately 139 db/meter and a loss due to reflection of approximately 20 db! The 
calculations above were made by using the tables given by Filipowsky and Muehldorf.1

The dispersion of microwave pulses transmitted through the re-entry plasma sheath need
not be considered, as is necessary for microwave pulses transmitted through plasma
media from satellites and space probes. It has been found that for plasmas characteristic
of re-entry boundary layers, the effect of the plasma layer on dispersion is very small.
The principal effect of the plasma layer is attenuation of a signal propagated through it.3

Plasma attenuation at the P-band for the two flights is shown in Figure 7. The amount of
attenuation was not severe enough to result in blackout of the FM-FM telemetry system
for either of these flights. However, the heating rate on a future flight test vehicle is
expected to be greater than that for these, resulting from a steeper reentry angle of -35E,
compared with a re-entry angle of -28E (see Figure 7).

Noise power, with the antenna output as the reference point, is given by Boltzmann’s
equation

where k is 1.38 x 10-23 joules/EK (Boltzman’s constant), Te is the effective receiver noise
temperature, and Bn is the noise bandwidth. Signal to noise ratio is expressed by

where Pt = 2 x 103 watts peak power, Gt = (3 db) = 2, ' = (-3 db) = ½, Ar = 75 meters2,
R = 200 miles = 322 kilometers, Te = 700EK, and Bn = 4 MHz. Thus, SNR . 3.106 L, or
(64.8 + Ldb) db. The value of SNRdb necessary to achieve reasonably accurate data is
approximately 16 db, as shown in Figure 8. Therefore, the maximum allowable plasma
attenuation is 48.8 db (L = 1.3 x 10-5).

Probability of a Good Data Frame and Optimum Voltage Threshold    A good data
frame consists ot 2 (N-M) pulses, where N is the number of channels per frame and M is
the number of missing channels used for frame synchronization. The standard number of
missing channels per frame is two (M=2). For a decommutator to work properly, all of



the 2 (N-M) pulses must be present and no additional pulses resulting from noise should
exist in a data frame. An equation for the probability of a good data frame is derived in
the appendix. The approximate values for the probability of a good data frame for
various input SNR and normalized threshold values are shown in Figure 8. The
normalized threshold is the threshold level voltage divided by the RMS noise voltage.
From Figure 8, and SNR threshold of approximately 16 to 16.5 db is evident.

Figure 8 gives the optimum normalized threshold value for a given input SNR. As an
example, if the SNR is 16.5 db, the optimum normalized threshold is approximately 5.7.
This gives a probability P of a good data frame of 0.99. If the normalized threshold is set
at 6 or 5.25, the probability of a good data frame is 0.95 and 0.96., respectively. The
importance of using an optimum normalized threshold when the SNR is around the SNR
threshold value can be observed in Figure 8. As the SNR increases, the value of P
flattens out and the optimum normalized threshold is not much greater than the
neighboring normalized threshold values.

The optimum voltage threshold Vt for SNR near the SNR threshold is determined by the
normalized threshold and the SNR values at that point. Decommutators with an
automatic gain control keep the pulse amplitudes fixed at 5 volts. The optimum voltage
threshold is

At SNR threshold, the optimum voltage threshold is approximately 4.2 volts.

Postdetection Data Error    If it is assumed, after envelope detection, that the pulses
can be approximated by rectangular pulses with finite rise time tr, then the noise will
alter the time of the threshold crossing as shown in Figure 9. The resulting time error for
the single pulse (,) can be found from the geometry ,/n = tr/A. This indicates that the
mean square error is(tr/A)2 x n2, where A is the peak pulse voltage amplitude. A complete
data word consists of a reference pulse and a data pulse where the value of the data is the
time difference between the two pulses. Therefore, the mean square data error is the sum
of the two pulses’ mean square errors; i.e.,

The characteristics of the PPM commutator give a maximum pulse jitter of ±0.5 Fsec
maximum. If this value is assumed to be a three-standard deviation value, then the pulse
jitter standard deviation is F . 0.17 Fsec. The time during which the data pulse may vary
is 120 Fsec, as given by the commutator’s characteristics.



The concept of postdetection data error as discussed above breaks down when any of the
data pulses are missing or false pulses appear because of noise. Thus the concept holds
only for SNR values above threshold. The maximum data error above is                (At
threshold) + 2F2 . The mnaximum RMS data error above threshold for the particular case
when Bn = 4 x 106 Hz and tr . 1/(2Bn) = 0.125 Fsec is ,RMS . 0.24 Fsec. This results in a
0.2% error. Thus, the postdetection minimum signal-to-noise is 54 db when the input
SNR is above threshold.

Appendix

Probability of a Good Data Frame    A good data frame is defined as 2 (N-M) pulses
produced by the transmitter and no pulses resulting from noise. The probability P of a
good data frame is derived by using the concepts of false alarm probability pn , the
probability that noise alone will produce a false pulse by exceeding the voltage threshold
level, and detection probability pd, the probability that the signal plus noise will produce
a pulse by exceeding the voltage threshold level.

First, the value of Pn is derived. Assuming that the random noise is filtered by the
receiver, the resulting probability distribution of noise alone applied to the envelope
detector is zero mean, gaussian, and white with mean square value Nv . After envelope
detection, the video signal applied to the reshold detector is then Rayleigh-distributed.
The probability pn that the noise will cross the threshold level Et is

The duration of this sample of noise is approximately 1/Bn , where Bn is the receiver’s
noise bandwidth.

Second, the value of pd is derived. The sinusoidal signal of peak amplitude Vs plus noise
results in the probability density function after envelope detection of

where Io is the Bessel function of the first kind and V is the voltage amplitude of the
envelope of the signal plus noise. The detection probability pd is



The quantity            is the SNR. Rice,4 using numerical integration methods evaluated pd.
A more convenient plot of pd versus SNR for different pn values is given by Barton.5

Finally, the value of P is derived. The probability of detecting all 2 (N-M) pulses in one
data frame is (pd)

2(N-M) . To determine the probability that no false alarms will occur
within one data pulse, the Poisson distribution is used.6 It is applied since false alarms
may occur with equal probability at any moment and are assumed to be independent.
Therefore., the probability of k false alarms during J seconds is

where < is the average number of false alarms per second. Thus, the probability of no
false alarms during a data frame is P(0) = exp (-< NT), where NT is the time of a data
frame. To determine the average number of false alarms <, the “average false alarm time” 
           as given by Barton5 is used: < = 1/          = pnBn. The event of a good data frame is
equal to the joint event of all pulses detected and no false alarms during a data frame.
Since these events are independent, P = Prob. (no false alarms) x Prob. (2(N-M) pulses
detected),

As limiting cases,

This limiting is the result of increasing the SNR and can be observed in Figure 8 as the
leveling off of the P curve as the SNR increases:

This limiting is the result of increasing the voltage threshold level and can likewise be
observed in Figure 8 as similarity between the curves for low Pn .

For the particular case of N=64, M=2, NT=10-2 and Bn = 4 x 106 Hz,

where pn is less than 10-5 and (1 - pd) is less than 0.01. The probability of a good data
frame P for this particular case is shown in Figure 8.



Conclusions    This paper has described a system being engineered by SaBnUia
Laboratories for the purpose of obtaining data during the portion of a re-entry flight
which normally exhibits an RF blackout. The tools utilized, a PPM data system and a
high-power transmitter-oscillator, are not unique but were described in regard to their
contribution to the SNR calculations. It is hoped that some empirical data related to
optimization of power levels, pulse widths, pulse rates, and antenna configurations will
have been obtained prior to presentation of this paper, and, if so, will be introduced. This
experimentation will hopefully be conducted at several of the plasma facilities available
for this purpose. The first actual flight is scheduled for the spring of 1972. If significant
results are obtained, a review of this project will be presented at a future date.
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Figure 1 - Launch Vehicle



Figure 2 - Typical Test Trajectory

Figure 3 - Typical Heating Rates



Figure 4. Block Diagram of System

Figure 5 - Envelope of PPM Spectrum

Figure 6 - Spectrum Using 1-Fsec Pulses



Figure 7 - Plasma Attenuation Curve

Figure 8 - Probability of a Good Data Frame
 



Figure 9 - Pulse Reconstruction


