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A TELECOMMUNICATIONS LINK MODEL FOR DEEP SPACE,
WITH APPLICATIONS TO THE HELIOS PROBE

ERNST STOLLE
Institut fuer Satellitenelektronik

Deutsche Forschungs-und Versuchsanstalt fur Luft-und Raumfahrt
Oberpfaffenhofen, West Germany

Summary     The concept of the coherent PCM/PSK/PM telecommunication system of
the US/German solar probe mission HELIOS is presented. Subsystem performance
models are given for the telemetry link using theoretical, simulation, and measurement
results, to obtain a realistic approximation to the over-all link performance. After the
system description, performance/ efficiency models are discussed for the (sequential)
data decoder, symbol synchronizer, subcarrier and RF demodulation, and waveform
distortion. The integrated over-all link model is then applied to minimizing the total
signal-to-noise ratio requirement at receiver input. Examples from the HELIOS link
design demonstrate the feasability of the approach.

1.   Introduction    This paper is intended to describe the approach that was taken in the
design of the telecommunication link for the interplanetary solar probe HELIOS
1974/75. Utilizing the NASA-JPL Deep Space Network stations and two similar stations
in Germany, a spacecraft system had to be designed that not only was compatible with
the existing ground networks (Ref. 1), but also makes optimum use of their capabilities.
With respect to the subject here, a model of the over-all ground-spacecraft-ground
telecommunication system had to be developed (Ref. 2,3) to show first the feasability,
then the capabilities, and later the detailed performance characteristics of the system, for
the functions of telemetry, telecommand, and spacecraft tracking, i.e. ranging and
doppler measurements.

Restricting ourselves primarily to the telemetry system, subsystem performance models
are described using theory, simulation, and measurement results, attempting to predict
system performance most realisticly. The models for the sequential data decoder, the
symbol synchronizer, subcarrier demodulator, RF receiver (for the two-way coherent
link), and waveform distortion, are then integrated into the over-all system performance
model, according to their influence on the signal-to-noise ratios of the carrier and data
signals.



A method is then described for determining the optimum modulation indices, utilizing
the integrated link model. Thus maximum data rates versus total received signal-to-noise
ratio are obtained as design curves. As another result, we show the influence of
parameter tolerances on the system design. Finally, we present curves of predicted
performance for the symbol error and frame deletion probabilities.

2.   Telecommunication Link Description    The basic system configuration is shown in
Fig. 1. The telecommand “up-link” is established by the reference transmitter (on
ground) sending command data to the probe. For the “down-link”, the probe transmitter
is modulated by telemetry data. Further, the probe transmitter can be phase-locked to the
received up-link carrier for two-way coherent doppler measurement. In this mode the
downlink frequency is derived on-board by multiplying the up-link carrier with the factor
of 24o/221. For ranging, a special ranging code can be transmitted to the to the probe
where it is demodulated and remodulated on the down-link for correlation and
determination of turn-around time.

The pertinent system parameters of interest for system design are (for the telemetry link):
transmitter (effective) power; modulation losses, resp. power division between carrier
and data; received total signal-to-noise ratio (SNR); various demodulation/detection
efficiencies of the receiver; required data quality (probabilities for data errors and
deletions) and associated minimum data and carrier SNR’s. In the following, we present
in more detail a model developed in particular for the design and optimization of the
HELIOS telemetry link.

3.   Telemetry Link Model    A simplified block diagram for the link configuration is
Shown in Fig. 2. Digital data bits are pulscode-modulated (PCM,non-return to zero) and
passed through the convolutional channel encoder. The encoder generates a non-
systematic code with constraint length k = 32 and code rate v = 2 symbols/bit. The
encoded symbol stream is consequently modulating the phase of a subcarrier by ± 90E
(PSK) which phase-modulates in turn the RF carrier.

On the receiving side, three coherent demodulators work in series: The signal is passed
through the RF receiver (RF), subcarrier demodulator (SD), symbol synchronizer/
detector (SS) into the sequential data decoder (DD). Beginning with the user’s end, i.e.
the requirement on the quality of the data delivered, we want to obtain performance
models subsequently through the telecommunication system, such that finally this
requirement can be tied to a cost figure, e.g. transmitter power, data rate, etc. .

(a)   Data Quality and Required (Eb/No)o       For the convolutional-coded/ sequential-
decoded system given here both the probability of undetected bit errors, PEo in uncoded 



systems), and the probability of frame deletion. PD, are determining the miniminum
required bit-energy-to-noise ratio (Eb/No)o . Therefore,

(Eb/No)o  = MAX (R(PEo); R(PDo)) (1)

where the index “o” denotes “design threshold point”. For the long constraint length
given (k = 32), the PEo requirement of lo-5 is easily exceeded; the “data threshold” is thus
only a function of PDo which in turn depends on the computational speed of the decoder
fc , and the data bit rate rb, for a given code frame length. We have then

Ro = R(PDo (rb;fc)) ;   fc = parameter (2)

This function has been studied in Ref. 4 by simulation techniques for the case of
HELIOS; this bit rate dependent design threshold curve is shown in Fig. 3. (Note that for
uncoded systems Ro is merely a function of PEo not of rb however). Further, perfomance
curves of PD(R) are given in the references

(b)   Demodulation/Detection Loss Definition    This loss resp. efficiency is defined for
the uncoded case in terms of degradation of Eb/No at a fixed bit error probability PE. For
the convolutional-coded case we use Es/No instead, at a fixed equivalent symbol error
rate PEs . When Rin , Rout are the data energy-to-noise ratios at the input resp. output of a
receiver stage, the loss is defined by

ld = Rin /Rout ( > 1) (3)

In the case when the error probability PE of a detector can be computed for given input
R, the demodulation/detection loss can be defined in analogy to (3) as

1d = R/Req (4)

where Req is the equivalent R of an ideal detector operating with PE . Thus 

Req = (erfc-1 (2PE))2 (5)

where erfc-1 is the inverse of the complementary error function.

These losses in the coherent-operating demodulators are generally assumed as
degradations due to noisy reference signals. In the following literature references are
given for lSS and lSD of Fig. 2, whereas we discuss lRF in more detail.



(c)   Symbol Synchronization/Detection Loss    This has been analyzed e.q. in Ref . 5;
curves are given in Ref. 1. The parameter depends on Rs = Es/No and the symbol-rate rs:

lSS = f(Rs; rs) = f(Rs; v · rb) (6)

For Rs = DB it is in the order of 0.1 DB only. This assumes that quantization losses of
the output signal to the decoder are negligible.

(d)   Subcarrier Demodulation Loss    An analysis for this parameter is given in Ref. 6
by Brockman; for-curves see Ref. 1. As for lSS we have

lSD = f(Rs; rs) (7)

For Rs at 0 DB, lSD is in the order of 0.4 DB.

(e)   RF Demodulation Loss    Because of its magnitude (ca. 0.5 ... 3 DB) this parameter
is of great interest. A number of theoretical approaches are known; for our case recent
work by Lindsey, Ref. 7 - lo, was found applicable. Of particular interest are 1) the effect
of symbol rate, and 2) the effect of the two-way link where the spacecraft PLL phase
jitter is increasing the phase noise of the ground receiver PLL.

Assumption:    It is assumed here that the channel is “memoryless” and maintains
gaussian noise statistics. The validity of this assumption ends when the relative symbol
rate, defined by

d = rs/W2o  (8)

with W2o being the two-sided ground receiver loop threshold bandwidth, is somewhat
less than 1. In this case, burst errors may occur due to varying. PLL phase error, which
could degrade the sequential decoder performance (i.e. PD) seriously. However, test data
have suggested the validity of the above assumption for normal operating conditions.
Further, we assume that the effect of noisy carrier reference on the decoder performance
can be accurately enough approximated by accounting for the loss of input SNR. With
this concept, convolutional-coded data can be treated in terms of symbols and the
parameters

Rs = Es/No = (Eb/No)/2;   Pes = ½ · erfc (Rs
1/2) (Rs  (9)

where PEs is the Rs -equivalent symbol error rate and erfc is the complementary error
function.



Summarizing the analysis, the RF demodulation loss is obtained by computing the
degraded symbol error probability and then using (5). In Ref. 9 the conditional error
probability, for a given phase error 0, is derived

PEs (0/ ) = 1/2 erfc((Rs · cos2 0/ ) 1/2 (10)

The expected error probability is then obtained by averaging over the p.d.f. of the phase
error, p(0/ ):

(11)

For the one-way link (probe to ground), this density is known to  be

(12)
where

(13)

with á2 denoting the carrier loop SNR; index “2” relates to the ground receiver; Pc2 is the
carrier power No2 the one-sided noise density; Bl2 is the one-sided loop noise bandwidth;
á2 is the carrier SNR; Ã2  (Ref. 11) and µ2 are limiter parameters; ro is a damping factor
(Ref. lo2  - the same loop filter F(s) is used here); Io is the modified Bessel function of
order zero.

The error probability given above is only valid for the phase error being essentially
constant over a symbol time, i.e. high data rates (d >>1). Of particular interest here are
medium data rates of $ 16 symbols/sec (d •1) which are used for maximum
communication distances. For this case with time-varying phase error, a model suggested
in Ref. 8 was found in sufficient aggreement with measurement data available. From this
the symbol error probability for medium data rates is given by

(14)

where g(u) = f (á2 , d, x2 , u) is a density. A third model for low data rates (d<< 1), with
rapidly varying phase error, is given in Ref. 7, but not applicable here.

For comparison of all three loss models for the one-way link, we have numerically
evaluated them and plotted versus data rate in Fig. 4. It appears that PEs (medium)
provides the interpolation between the low-and high-rate boundaries, which is supported
by test data. For 16 symbols/sec, the predicted loss of the high-rate model was 0.4 DB
higher than predicted by the medium-rate model. Because of this difference, we will use



the medium-rate model for error rates less than predicted by the hich-rate model; the
latter is applied, otherwise.

The two-way link effect on symbol error rate we want to consider as the second main
aspect under RF demodulation loss. The ground receiver phase error will be increased
according to the additional jitter introduced by the s spacecraft PLL. Using results from
Ref. lo, the p.d.f. of the two-way phase error 0/  in the ground receiver is approximated as

(15)

where á2 is the loop SNR of the ground receiver and á1 is related to the spacecraft PLL
SNR á1

'  through

(16)

where G = 24o/211, denoting the static phase gain of the spacecraft transponder; K is
given in Ref. lo, using linear PLL theory, without bandpass-limiters preceding the loop.
G2K is a correction factor to the spacecraft loop SNR and close to 1. To approximate the
actual situation (with limiters) we calculate á1 and á2 according to (13) and let

r1,2 = 2/µ1,2 ; â = Wlo/W2o (17)

where r1,2 is a damping parameter, â1,2 a limiter factor as in (13), and Wlo is the two-sided
spacecraft loop threshold bandwidth. The approach was found to be supported by test
measurement results (Ref. 12).

Substituting (15) into (11) and performing the integration yields the symbol error rate of
the two-way link. Since this (high-rate) model gives higher error rates than expected for
lower data rates, we have combined one- and two-way models in the following manner.
Using the medium/highrate one-way model as discussed above and applying (5) gives
the one-way loss (lRF1). The final composite loss l RF) is then approximated by

lRF = lRF1 · lH2/lH1 (18)

where lH2 , lH1 are the high-rate losses for the two- and one-way link, respectively. Fig. 5
shows lRF versus Rs for various values of x1 ; x1 = 3o DB approaches the one-way
situation; for x1 = lo DB, the additional two-way loss is 1 ... 1.5 DB.



(f)   Waveform Distortion Losses    These losses occur due to finite rise/fall-times and
waveform asymmetry of the received subcarrier signal. Further losses are caused by
filtering and impedance mismatch (overshooting). The losses from these signal
imperfections have generally two components: 1) energy loss of the signal itself. and 2)
matched filter detection loss due to the signal mismatch. An accurate analysis of all
effects involved is getting very complicated; however, in Ref. 13 an approximate
calculation, on a deterministic basis, has the following useful results. For the energy and
matched filter loss accountable to finite rise- and fall-times, lD we have

(19)

with

TSC = 1/FSC = subcarrier cycle time
TR , TF = rise-, fall-time

For the loss accountable to waveform asymmetry, lA , we have

lA = 1 - 2 ô/TSC (20)

with
ô = asymmetry of mid-transition.

Further losses due to filtering or impedance mismatch are assumed to be negligible in the
case of interest. The total loss is then given by

(21)

For FSC = 32 768 HZ, TR = TF = 1oo nsec, ô = 0.01/FSC this loss becomes 0.2 DB. In the
computational model, Fig. 6, this parameter is difficult to allocate, since the losses occur
in all stages and differently. We choose to include it preceding the RF receiver.

(g)   Modulation Loss    For binary phase modulation of the RF carrier by a squarewave,
the total power is divided into carrier and information-bearing sidebands:

Pc /Pr = cos2 0/ ;   Pd /Pr = sin2 0/  (22)

where Pc is the carrier power, Pd is the data signal power, and Pr is the total received
power,  0/  is the modulation index.



Integrated Computational Link Model    Taking the subsystem models discussed
above, we can now, in equivalence to the system model of Fig. 2, construct a
computational system model which is given in Fig. 6. There is one branch for the data
channel and the carrier channel. Each box represents a functional block, for calculating
the system parameter indicated from given inputs, most boxes being equivalent to a
subsystem of the telecorrmunication link, as discussed above. Parameter-dependencies
are shown, as well as the design parameters to be given as inputs. The applications of
this model will be discussed below.

4.   System Optimization    Carrier and data performance are related to certain minimum
required threshold values of the signal-to-noise ratio, also called “design points”.
Following the procedure as outlined by the author in Ref. 3, we have for the effective
data SNR, Re , delivered to the input of the data decoder:

(23)

where
No = No2 lWF = const

ltot = total loss lRF = f (R; x2; rs; x1)

Pr/No = total received SNR lSD = f (R; rs)

Pd/Pr = sin2 0/ 1 lSS = f (R; rs)
Ss = s

Similarly we have for the effective carrier SNR, x2e , delivered to the PLL:

(24)

where

Pc = Pc2 ; PC/Pr = cos2 0/

The performance margins for the data and carrier signals are then defined as

Md = Re /Ro ;    Mc = x2e/X2o (25)

where the index “o” relates to “design point” at which the minimum required
performance is present; M greater 1 indicates over-performance. For the data signal



Ro = Eb/No)o is given in (2) and Fig. 3. For the carrier signal. it follows from requirements
on carrier tracking and/or considerations concerning RF demodulation loss which
becomes exessive, if x2 and thereby á2 become very small. (Here, x2o is chosen to be
8 DB.)

The goal of system optimization then is, to determine the power allocation between data
and carrier signal, i.e. modulation index è, that yields minimum total SNR required at
receiver input for the design points specified. The following simultaneous equations
have to be solved:

Md = Re/Ro = 1;      Mc = x2e/X2o =1 (26)

under the constraint Pr/No =
! minimum.

This formulation suggests a numerical solution which is unavoidable, in fact, if one
considers the functions involved. The actual optimization is done, varying 0/  as
optimization variable, and computing the associated (Pr/No)min  such that (26) is satisfied.
To satisfy (26) for the data and carrier condition separately, we obtain with (23) and
(24):

(Pr/No)d = Ro rb ltot/sin2 0/ (data condition) (27)

(Pr/No)c =
> x2o W2o Ã /cos2 0/ (carrier condition) (28)

The “greater” sign is allowed for the carrier, since minimum Pr/No can occur for a
stronger carrier than derived from the design value x2o , depending on the losses ltot .
Therefore, we unfortunately cannot equate (27) and (28) to obtain 0/ opt . But we rather can
compute

(Pr/No)min = MAX ((Pr/No)d; (Pc/No)c)   (29)

at a given data rate. The iteration (Pr/No)min,i  = f(0/ i) continues until the minimum is
reached, within a given error, for  0/ i = 0/ opt .This procedure is included in the
computational link model s=howRtl:n Fig. 6. The algorithm is also applicable to
optimize systems with more than one subcarrier.

Some results are shown in Figure 7, 8, where optimized data rates and associated
modulation indices are plotted as design curves, i.e. for given Pr/No, delivered by the
spacecraft to the ground receiver, one can determine the maximum data rate possible.
Curves are given for various values of spacecraft carrier SNR , x1 . Note that the
maximum modulation index is constrained to a given limi (72E).



Further, the influence of parameter tolerances is demonstrated. For “nominal design”, no
tolerances are included; for “adverse design”, necative tolerances are included in the
worst-case sense. The tolerances are:

Wlo (-5 HZ), 0/  (± lo%), lWF (-0.1 DB), lRF and lSD (-0.2 DB), lss(-0.l DB).

With these numbers, the design result is degraded by ca. 1.5 DB.

5.   System Performance    Typically, with design parameters selected i.e. optimum
modulation indices fixed, the performance is to be evaluated as a function of SNR. Using
(9), the symbol error rate can be calculated from

where RWF = Rs/lWF ;     RRF = RWF/lRF ;    RSD = RRF lSD

are the subsequent data SNR’s of the receiver stanes. The SNR delivered to the data
decoder is finally RDD = R /lSS . Thus, by using the decoder model of Ref. 4, estimated
frame deletion probabilities can be obtained.

Fig. 9 shows for two modulation indices and data rates, the predicted symbol error and
frame deletion probabilities versus Rs = Es/No as estimated under the assumptions stated
in previous sections. For completion, the ground receiver carriers SNR, x2 is related to
the input RS by 

x2 = Pc2/(No2W2o = Rs (rs/W2o) cot2 0/  (31)

Conclusions    A telecommunications link model has been described, with applications
to a deep space probe. Although the model is believed to combine reasonable accuracy
withh flexibility, various questions remain for future work: Telecommand and
doppler/ranging performance; acquisition times of all stages; influence of oscillators
phase noise; detuning; performance near solar occultation; improvement for two-way
link performance and decoder deletion rate models.
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FIGURE 1 - TWO - WAY COHERENT TELECOMMUNICATION LINK

FIGURE 2 - TELECOMMUNICATION (TELEMETRY) LINK
CONFIGURATION (PCM/PSK/PM) (PLL: PHASE -LOCK- LOOP)



FIGURE 3 - ESTIMATED MINIMUM INPUT Eb/No OF SEQUENTIAL DATA
DECODER VERSUS BIT RATE, FROM SIMULATION RESULTS (F.

DOLAINSKY).

FIGURE 4 - SYMBOL ERROR PROBABILITY VERSUS SYMBOL RATE DUE
TO RF DEMODULATION, FOR LOW - , MEDIUM -, AND HIGH - RATE

CASES (ONE - WAY LINK)



FIGURE 5 - RF DEMODULATION LOSS FOR ONE - AND TWO - WAY LINKS,
VERSUS INPUT Es/ No  PARAMETER : SPACECRAFT CARRIER SNR Xl

FIGURE 6 - TELECOMMUNICATION (TELEMETRY) LINK
COMPUTATIONAL MODEL WITH OPTIMIZATION LOOP FOR MINIMUM

TOTAL SIGNAL/ NOISE RATIO Pr/ No



FIGURE 7 - MAXIMIZED TELEMETRY DATA RATE VERSUS TOTAL
RECEIVED SIGNAL/ NOISE - RATIO Pr/No

FIGURE 8 - OPTIMIZED TELEMETRY MODULATION INDEX VERSUS Pr/ No



FIGURE 9 - PREDICTED OVER - ALL PERFORMANCE VERSUS Es/No : 
SYMBOL ERROR AND FRAME DELETION PROBABILITIES FOR

THE TWO -WAY LINK




