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LOCATION CORRECTION 

T a b l e  IX Line  1 ,  Column 2 :  S/B P u l s e  Ra te /Pu l se  Width 
Line  2 ,  Column 2: S/B (PPS/N'sec) 

F i g u r e  16 COVER MRG. HOLES: S/B 
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( a b b r e v i a t i o n  6r  mounting) 
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SIB - 
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F i g u r e  A-5 F i r s t  e q u a t i o n  S/B 

F i g u r e  A-5 T h i r d  e q u a t i o n  S/B 

F i g u r e  B-2 P,! o S/B NO 
!! R - 

R 

F i g u r e  D-2 Seventh l i n e  down, AGG S I B  AGC 

F i g u r e  D-3 Four th  1 i n e ,  AGG S/B AGC 

F i g u r e  D-6 L a s t  l i n e ,  40 N SEC/CM 
S/B 20 M SEC/CM 
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Figure E-1 VAGC appearing on ordinate scale S/B Vagc 

Figure E-2 Ordinate scales S/B +Vaw and -Vagc 
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Figure E-3 VAGC S/B Vagc 

Figure E-4 The ordinate scales should be 
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1.0 SUMMARY 

This report ->resents three Equipment Specifications which describe the 
capabilities of altimeters suitable for the Geos C Mission, as it is understod 
by the General Electric Company. The fact that three designs were synthe- 
sized to meet the mission requirements emphasizes the conclusion that the 
construction of an altimeter suitable for orbital use over ocean is feasible. 

Calculations presented in the body of this report indicate that an ultimate 
accuracy on the order of one meter is feasible for altitudes up to 850 nautical 
miles for the Geos C Mission. In addition useful measurement of sea state 
can be obtained employing both AGC and sea state gate information in the altim- 
eter receiver, This has been achieved. with designs that consume a maximum 
power of 34 watts, weigh a maximum of 26 pounds, and otherwise meet the 
restrictions of the Geos C spacecraft. 

Analysis of the altimeter performance over ocean was greatly enhanced 
through laboratory tests of receiver circuits using the Sea Return Pulse Simu- 
lator, devised during this study. The simulator also served to provide a 
valuable human insight into the signal detection problem faced by the altim- 
eter e 

The weakest link in, the altimeter designs, from a reliability point of 
view, is the transmitter tubes which have an unproven life beyond 500 or 1000 
hours, Reliability calculations, based on generic type components, indicate 
an expected probability of success of 9 for three months altimeter operation 
with 30% duty cycle. 

Consequently it is recommended that a transmitter tube evaluation be 
undertaken before, or in parallel with, an altimeter development, to gather 
more concrete data on expected performance. 

It is also recommended that the high altitude, over ocean aircraft tests, 
presently being explored by NASA, be carried out to gain confidence in the 
ultimate performance of a spaceborne altimeter 



2 0 INTRODUCTION 

The purpose of this report is to present a Space Rated Radar Altimeter 
Equipment Specification capable of development within an elapsed time of one 
year, The study results are a result of experience gained over the past seven 
years analyzing and devising altimeter designs for use in space systems. This 
experience was applied to a study of the specific Geos C problem, from July 
to December of 1968, for the Electroriics Research Center of the National 
Aeronautics and Space Administration, 

The one year delivery restrictiora evolved from the tentative program 
planning schedule information for Geos C, supplied by Mr. Jerome Rosenberg, 
NASA's Geos Program Manager, 

A detailed examination of all the parameters affecting the design of an 
over ocean satellite altimeter is presented in Section 5,O of this report. 

The design bounds imposed to restrict  the final choices were: 

I .  

2, 

3, 

4, 

5, 

A maximum weight of 25 pounds, 

A maximum volume and form factor dictated by the space avail- 
able from the removal of an optical beacon from the Geos B 
spacecraft design, 

An average power of 35 watts. 

A maximum energy drain of 72 watt hours during a single oper- 
ating interval, 

A delivery time, for a flight model, of one year after receipt of 
an order, 

The equipmen,t specifications for the candidate designs essentially meet 
all of the above criteria. In some cases encouraging prospects, such as the 
chirp modulation approach, were dismissed because of the limit imposed by 
the expected delivery time, Some of the high peak power designs considered 
were eliminated because of power and weight limitations, 
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Hence it is essential that the candidate design choices be reexamined if 
any of the bounds are changed, 

Equipment Specifications for three candidate designs are presented in 
Section 4.0 of this report, along with the associated error budgets, Justifi- 
cation for the conclusions reached i n  the equipment specifications are found 
in the Technical Description, Section 5.0. and in the appendices. The Techni- 
cal Description is organized to  concur with the work ilems outlined in the 
studv Work Statement, 

In conducting the study, a mathematical analysis of the ocean model and 
the signal detection problem w a s  made to define the parameters affecting the 
altimeter design, As a result ,  a number of candidate designs were defined, 
based mostly upon mathematical consid.erations, An in depth design study was 
then made to  fit the components, characteristics and capabilities of the real 
world to the candidate design requirements. The results are the synthesized 
designs, discussed in Section 5 4, Particular problems common to ali de- 
signs are discussed in Section 5 .3  and 5.5 titled Migh Speed Counters and 
Output Data Requirements respectiveiy, 

The design requirements outlined in the Recommended Equipment Speci- 
fitition:; result from applying the  five design bounds to the Synthesized De- 
signs. 

During the course of the study a Sea Reiurn Pulse Simulator was devised, 
designed and built, using components and eqcipment available in the labora- 
tory. This simulator. described in detail in Appendix D, generates a con- 
trollable noise spectrum which approximates the r,oise type signal expected 
from the ocean return, Various wean  returr, pulse signal t o  receiver noise 
ratios were applied to candidate receiver designs to determine performance 
under near actual conditims. As a result the receiver design approaches 
suggested were authenticated under simulated ocean return conditions as well 
as by mathematical analysis. Photographs shown in Appendix D visually pre- 
sent the noisy return signal expected from the ocean. Some of the statistics 
used in the ar,alysis were derived from these and similar photographs of 
labor at or y tests . 

Finally, much of the information presented in this final report has al- 
ready been presented in the August, September l October, and November 1968 
Monthly Reports already submitted as part of this study. It will  be found that 
some items studied, such as chirp radar ,  are treated in greater depth in the 
Monthly Reports, because they were disqualified from consideration under 
the ground rules of the study. As a result, they were not emphasized in this 
report. 
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3 . 0  SYMBOLS 

A 

*T 

n B 

C 

E 

Y E 

Fe 

Fa 
G 

GCF 

Hn/3 

K 

L 

N 

NO 

Nr 

pR 

pT 

Unit Surface Area 

Ocean Area Intercepted 

Receiver Noise Bandwidth 

Ocean Surface Correlation Distance 

RMS Ocean Surface Deviaticn from the Mean 

Young's Modulus 

Emissivity Fact or 

View Factor 

Antenna Gain 

Control Function Gain at and Near Zero Error Position 

Ocean Significant Waveheight 

Boltzmann' s Constant 

Radar System Losses 

Mean of a Rayleigh Noise Distribution ( ) 

Any Integer 

Ocean Return Signal 

Receiver Noise Power 

Peak Power Received 

Peak Transmitted Power 
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Q Power Dissipation 

R 

s2( ) 

S 

C 
T 

Te 
T 

T 
g 

P 

Tr 

'age 
ak 

a 

bk 

C 

d 

e 

n f 

P 
f 

h 

One Way Radar Range 

Variance of a Raylcigh Noise Distribution ( ) 

Sine Wave Signal 

Temperature of Ambient Surroundings 

Effective Iteceiver Noise Temperature 

Early/Late Gate Pulse Width 

Pulse Width 

Temperature of Radiating Surface 

Detector Output Signal 

Ocean Return, an Increasing Function of Time 

Detected Signal Standard Deviation 

Normally Distributed Constant with a Mean of Zero and a Variance 
of One 

Base Plate Width 

Normally Distributed Constant with a Mean of Zero and a Variance 
of One 

Speed of Light 

Base Plate Thickness 

Natural Logarithm Base 

fiesonant: Frequency 

Shock Pulse Frequency 

Altitude 
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n A Real Number, Greater than 1, Determined by the Antenna Beam- 
width for the Pulse Width Limited Return Case 

p( ) 

r Earth Radius e 
t' Time Measured from to 

t 

t 

Probability Density Function of ( ) 

Rise Time of the Shock Pulse 

Time Measured fi om Start of Transmitted Pulse 
r 

Time of Start of Ocean Reflected Pulse 
0 

t 

X Linearly Detected Signal 

Y Square Law Detected Signal 

31 Mechanical Parameter Determined by Edge Restraint and Mode 
Shape 

Y Poisson's Ratio 

G 

6 

6 

6 

6 RMS Error Voltage 

6 

6 

P Material Density 

x Radio Frequency Wavelength 

0 

u) Transmitted Carrier Radial Frequency 

Stef an-B olt zmann Constant 

Radar Cross Section per Unit Area (Radar Scattering Cross Section) 

Radar Scattering Cross  Section 

Stmdard Deviation of Normal Distribution (White Noise) 

S 

0 

T 

VRMS 

tRMS 

VBs1 

RMS Time Error  of Tracking Loop 

Measured Sea State Error  Voltage 

Angle of Reflection from Normal hcidence i 
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4.0 RECOMMENDED EQUIPMENT SPECIFICATIONS 

Three radar altimeter candidate systems fall within the constraints im- 
posed by this study. Equipment descriptions and specifications for all three 
Space Rated Radar Altimeters are  listed in Tables I through VI. 

The first recommended altimeter, Type 1, is a high peak power7 un- 
ambiguous pulse repetition frequency, gated threshold, range averaging altim- 
eter The equipment specification and er ror  budget for the Type 1 altimeter 
are presented in Tables I and I1 respectively. The features of this altimeter 
design which make it an attractive candidate for the Geos C Radar Altimeter 
experiment are : 

Minimum complexity: the design requires only the bare essentials to 
altitude track the ocean return pulse, and then process and transfer t h e  
data to the satellite memory storage or telemetry subsystems, 

Fast acquisition: threshold acquisition of the first detected returns is 
certain, 

Large signal to noise ratio: the minimum ocean return signal is at all 
times large enough to override the receiver noise by a significant margin., 

~-I-  

Acceptable accuracy: the total RMS er ror  budget for altitude approaches 
one meter 

The equipment specification and er ror  budget for the Type 2 altimeter 
are presented in  Tables I11 and IV respectively, The Type 2 is an ambiguous 
pulse repetition, frequency, EarlyjLate Gate tracking, r a g e  averaging altim- 
eter. This design performs Early/Late Gate tracking of square law detected 
ocean retlirns and is expected to track mean sea level independent of ocean 
wave buildup. The characteristics of the Type 2 altimeter design which make 
it a good candidate for the Geos C Radar Altimeter experiment are: 

Good control of transmitted pulse characterist.ics: obtaining and con- 
trolling short pulses with fast rise and fall times is easier with low peak 
power magnetrons 

I-__-. ---- 

Inherent mear, Eca level tracking capabi1it.y: as is shown in Appendix E,  
E ~ ~ ~ a ~ ~ i ~ ~ @ a r e  law-a&ected ocean returns has the 
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property of tracking to mean sea level without developing the bias e r rors  
due to sea state. 

High input data rate: averaging of a large number of altitude measure- 
ments which result from the high transmitted pulse repetition frequency 
is the primary method used to obtain an accurate estimate of the mean 
sea level altitude once every second. 

Acceptable acquisition time: the acquisition time will  not exceed five 
seconds. 

Adequate accuracy: the RMS error  on one second altitude estimates im- 
proves as the square root of the data rate and approaches one meter. 

The third candidate system, Type 3 ,  is a medium peak power, ambiguous 
pulse repetition frequency, Early/Late Gate tracking, range averaging altim- 
eter. Examination of the Type 3 equipment specification, listed in Table V, 
shows that the primary differences between the Type 3 and the Type 2 altim- 
eters are: 

Medium peak ulse power; 20 to 25 kilowatts for Type 3 compared to 4 
d y 5 - Z -  

Medium input data rate; about 1000 radar ocean returns per second for 
the Type 3 compared to about 5000 per second for Type 2. 

Expected accuracp; the error budget of ihe Type 3 design has increased 
over Type 2 a s a  direct consequence of the difference in the input data' 
rate. The random er rors  are jus t  the square root of 5 larger than the 
Type 2 e r rors ,  

10 



TABLE I 
EQUIPMENT SPECIFIC ATION 

SPACE RATED RADAR ALTIMETER TYPE 1 (UNAMBIGUOIJS PRF) 

Transmitter 
Peak power 
Center frequency 
Pulse width 
Pulse rise time 
Pulse f a l l  time 
Pulse repetition frequency 

Receiver 
Local oscillator 
IF amplifier 
Sensitivity 

Detectors 
Transmitted pdse 
Ocean return 

Tracking Loop 
Range gated threshold 

Sea state gate 

Altitude Measurement 
Reference frequency 
Frequency stability 

Input/Output Logic 
Altitude word 
Format 
External signals for readout 

Altitude readout gate 

Altimeter acquisition c omm an.d 

Pulsed Magnetron 
100 Kw 
X Band 
100 N Sec 
15 N Sec nominal 
25 N Sec nominal 
100 Hz 

He t e r  odyrie 
Solid state (with AFC) 
Sol.id state 
8 db noise figure 

Solid state 
RF  diode 
Envelope 

Hybrid or malog servo 
Detection level proportional to  auto- 

matic gain controlled ocean return 
One second average of signal received 

in sea state gate (see Appendix E) 

Digital counting of a frequency reference 
200 MHz, derived from external source 
one part in 108 at 5 M H ~  

22 binary bits, one word per second 
Serial or parallel 
Enable gate plus 22 clock pulses for 

Altimeter generated digital signal for 

Externally sapplied digital signai which 

serial readmt required 

exterzq.1 data memory use 

turns transmitter high voltage on 



TABLE I 
EQUIPMENT SPECIFIC ATION 

SPACE RATED RADAR AcliiidETER TYPE 1 (UNAMBIGUOUS PRF) 
(Continued) 

Telemetry Outputs 

Digital outputs 
Analog outputs 

Power Required 

Antenna 

Size 

Weight 

Zero to five volts dc, analog and 

Altitude, digital logic signals 
Temperatures, AGC, APC, transmit 

pulse, sea state gate, housekeeping 
data 

digital form 

34 watts. Altimeter turn on to  be con- 
trolled by turn on of dc bus pr3iwr 

4" parabolic, aligned with the space- 
craft nadir 

1100 cubic inches 

26 pounds 
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TABLE II 
ERROR BUDGET (1 SIGMA IN METERS) 

SPACE RATED RADAR ALTIMETER TYPE 1 (UNAMBIGUOUS PRF) 

Error  Source Random Bias Remarks 

Sea Return Noise 0.54 0-50 Calculated ilz ApGendix I3 

Sea State --"..- 0.50 After correction by sea state gate 
data or sea state history (see 
Appendix E) 

Propagation 0.10 Refer to Appendix C 

Transmitter Pulse 0.21 Oc 45 Rise time, 15 +5 nsec; fall time, 
Variations 25 *7 nsec; pulse width, 100 *lo 

nsec; peak power, *20% jitter 

Receiver/ 0.04 0,48 AFC AGC, and temperature cor- 
Detect ion rected bias errors.  Random e r ro r s  

include all pulse to pulse e r rors  
in the receiver/detectGr 

Logic 

RSS 

0.10 0-20 Includes logic, delays, gate dura- 
tion errors ,  range counting quan- 
tization, clock stability, averag- 
ing by 100 counts 

= .  

0.60 0, $5 

Combined RSS* 1.04 Inpiit data e r ro r  to geodetic and 
oceanographic programs 

"Best estimate of residual e r ro r s  after all available corrections are made. 

13 



TABLE I11 
EQUIPMENT SPECIFICATION 

SPACE RATED RADAR ALTIMETER TYPE 2 (AMBIGUOUS PRF) 

Transmitter 
Peak power 
Center frequency 
Pulse width 
Pulse rise time 
Pulse fall time 
Pulse repetition frequency 

Receiver 
Local oscillator 
IF ar1plifier 
Sensitivity 

Detectors 
Transmitted pulse 
Ocean return 

Tracking Loop 
Early/Late gat,e 

Altitude Measurement 

Input/output Logic 

Telemetry Outputs 

Power Required 

Antenna 

Pulsed magnetron 
4 K w  
X Band 
100 N sec 
15 N sec 
20 N sec 
Approximately 5000 Hz, proportional 

to altitude (see Section 5.4) 

Heterodyne 
Solid state (with AFC) 
Solid state 
8 d’b noise figure 

Solid state 
RF  diode 
Square law 

Analog servo 
See Appendix E 

Same as Type 1 

Same as Type 1 

Same as Type 1, except no sea state 
gate output 

Same as Type 1 

Same as Type 1 

Size Same as Type 1 

Weight 

14 



TABLE IV 
ERROR BUDGET (1 SIGMA IN METERS) 

SPACE RATED RADAR ALTIMETER TYPE 2 (AlWBIGUOUS PRF) 

Err or Source 

Sea Return Noise 

Sea State 

Propagation 

Transmitter Pulse 
Variations 

Receiver / 
Detection 

Logic 

RSS 

Combined RSS* 

Random Bias 

0,15 q _ Y I  

---- P O Y W  

0.10 -I-- 

0.05 0.22 

0.04 0,48 

0.10 0.20 

0.22 0.66 

0.70 

Remarks 

Calculated in Appendix E 

Calculated in Appendix E 

Refer to Appendix C 

Rise time, 15 f5 nsec; fall time, 
20 rt5 nsec; pulse width, 100 -110 
nsec; peak power, 40% jitter 

AFC, AGC, and temperature 
corrected bias errors .  Random 
e r r o r s  include all pulse to  pulse 
e r r o r s  in the receiver/detector. 

Includes logic delays gate dur - 
ation e r rors ,  range counting 
quantization, clock stability, 
averaging by 100 counts 

Input data er ror  to geodetic and 
oceanographic programs 

*Best estimate of residual e r r o r s  after all available corrections are made, 
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TABLE V 
EQUIPMENT SPECIFICATION 

SPACE RATED RADAR ALTIMETER TYPE 3 (AMBIGUOUS PRF) 

Transmitter 
Peak power 
Center frequency 
Pulse w idt 11 
Pulse rise time 
Pulse fall time 
Pulse repetition frequency 

Receiver 

Detect or s 

Tracking Loop 

Altitude Measurement 

Input/Output Logic 

Telemetry Outputs 

Power Raquir ed 

Antenna 

Size 

Pulsed magnetron 
20 to 25 KW 
X Band 
100 N sec 
15 N sec 
20 N sec 
Approximately 1000 Hz proportional 

to altitude (see Section 5. 4) 

Same as Type 2 

Same as Type 2 

Same as Type 2 

Same as Type 2 

Same as Type 2 

Same as Type 2 

Same as Type 2 

Same as Type 2 

Same as Type 2 

Weight 24 pounds 
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TABLE VI 
ERROR BUDGET (1 SIGMA IN METERS) 

SPACE RATED RADAR ALTIMETER TYPE 3 (AMBIGUOUS PRF) 

Error  Source 

Sea Return Noise 

Sea State 

Propagation 

Transmitter Pulse 
Variations 

Receiver / 
De t ec tion 

Logic 

RSS 

Combined RSS* 

Random Bias 

o, 34 -_s- 

0-09 0.4% 

0,22 0.20 

0.45 0,66 

0.80 

Remarks 

All random e r ro r s  are the 
square root of five larger than 
Type 2 

Same as Type 2 

Same for all types 

All bias e r ro r s  are the same as 
Type 2 

Input data e r ror  to geodetic and 
oceanographic programs 

*Best estimate of residual e r ro r s  after all available corrections are made. 
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5,O TECHNICAL DESCRIPTION 

5,1 The Ocean Model 

The mechanism by which electromagnetic radiation. is reflected from the 
ocean surface has been demonstrated by Schooleyl to be mirror-like reflec- 
t i m s  from nearly flat (flatness being a function of R F  wavelength where X/10 
is flat enough), approximately circular reflecting surfaces, For any given 
sea state and wind condition there will be an average number of these reflec- 
tors  per unit area and an average diameter for the reflectors. The distri- 
bution of these reflectors along the slopes, peaks and troughs of the large 
waves encountered in open ocean is not known but  since a single reflector with 
diameter larger than ten wavelengths is rare, they are very small with re- 
spect to  the ocean wave dimensions and there is no reason to believe that the 
reflector distribution is not uniform across the ocean surfaces. 

Each round flat reflector exhibits roughly the gain characteristics of a 
flat plate antenna of the same dimensions; thus the reflectors do not have to 
be pointing directly at the satellite to return radar signals. Small reflectors 
which have low gain but a large beamwidth are nearly randomly distributed in 
orientation between *40° of the horizontal plane. Large reflectors have high 
gain and tend to be oriented more closely about the horizontal, 

As the wind field across the ocean gets stronger the number of large re- 
flectors decreases. It is probable that there is a limit, imposed by surface 
tension, to this process so that above certain wind speeds the surface will 
consist of only small scatterers uniforrnlg distributed and oriented with re- 
spect to tbe horizontal. When these statistical characteristics of the ocean 
surface are considered they explain the observed behavior of the radar re- 
flections from the ocean at and near vertical incidence. 2 

Statistical stability of the radar returns from satellite altitudes can be 
appreciated by the following example, 

From an altitude of one million meters the area illuminated by a 100 
nanosecond pulse is 94 million square meters for the pulse width limited case. 
If there is only one reflector per square meter this means that 94 million 
reflectors have been acquired in one testh microsecond and furthermore dur- 
ing the next one tenth microsecond there will be a completely new set of: 94 



miilion reflectors acquired. Thus the average acquisition of new sigaals 
would be about lOI5 per semnd. Each signal having a different amplitude 
and phase. This situation is completely analogous to  thermal noise and has 
the same result. i. e ,  , the radar returns will look like noise with a Rayleigli 
distributed envelope at the .icar.ri.~~r frequency. 

A different model fcc the ocean based 01: aiitenna tolerance theory leads 
to the same results. 

Consider the ocean susfac.e to be a large reflecting antenna with Gaussian 
distributed surface deviations, According to Rum3 and Zucker'4, the expected 
value 01 the gain of this antenna is a function of the transmitted wave length, X, 
the P,MS surface deviation E ,  and the correlation distance C, of the surface. 
In particular Zucker finds th. ' for values; of E larger than X the expected 
gain is: 

Euze states that under these conditions the distribution of gain is Ra,vleigh. * 

Thus both models concur that the radar return will look like noise with 
a Rayleigh distribution of the amplitude envelope at the carr ier  frequency. 

The characteristics of radar signals expected from the ocean from 
satellite altitudes were discussed in the f o w ' ! ~  monthly report of this study 
and comprise Appendix A. The noise character and statistics of the return 
are discussed in Appendix B, 

5 . 2  The Signal Detection Problem 

Ia the determination of the altimeter specificatim? a study of several 
equipment ccrifigusations was made to dptermS ne the opti-r:um hardware 
approach for the size.  power, weight and delivery requirements of Geos C, 
'rile following discussion outlines the primary detection considerations and 
the resulting c.andidates. 

__ -- 
*The appa?evt stability of the average radw cross-section of the ocean for 
high wind seas might therefore be explained by a limiting ratio of correlation 
distance tc RMS deviation, 
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The signal detection problem can be considered as a combination of a 
pair of detection problems. First ,  it has been shown in the previous section 
that the ocean return pulse i s  essentially a pulsed noise process, The lead- 
ing edge has an average power that varies with time as the integral of the 
transmitted pulse plus some rounding effects caused b y  significant wave 
heights. Since the envelope of this  noise signal has a Rayleigh distribution, 
the detection process must determine the average positioil of the leading edge 
in the presence of the signal noise as well  as in the presence of receiver noise, 

The maximum altitude of 850 nautical milles and the weight and power 
limitations on the altimeter for Geos C prohibit the use of extremely short 
pulses of high peak power, Since the desired accuracy of the equipment is on 
the order of 1 to 2 meters (RMS)? the position of the leading edge must be de- 
termined by taking the average of several puke returns. 

5,2.1 Averaging. - A good averaging time for the geodetic requirements 
is 1 second based on reference 5 and discussions with C, A, Lundquist, Then 
the number of returns averaged would be equal to  the pulse repetition frequency. 
This would be approximately 100 for the maximum unambiguous repetition ratee 
However, the altitude is krawn from ground tracking data with sufficient ac- 
curacy to permit a high repetition frequency with only the fine grain measure- 
ment being supplied by the altimeter. For this reason, altimeter designs with 
pulse rates from 100 to 5000 pps were considered, For a prf in the I00 to 
5000 pps range, there is negligible correlation of the noise from pulse to pulse 
so the reduction in RMS error wcluld then be equal to the square root of the 
prf, 

5.2.2 Pulse width, - The rise time of the return pulse 1s determined by 
the pulse waxh transG3ted, hence the use of a pulse as long as 100 nano- 
seconds seems to be inconsistent with the 6 nanoseconds RMS ultimate rang- 
ing accuracy desired (I meter RMS). Increased pulse width does provide a 
greater advantage over the receiver noise, For example, doubling the pulse 
width provides a 6 db gain in  signal to noise ratio since the received power 
doubles and the required bandwidth LS halved, The penalty for this improve- 
ment is an increase in the value of inherent bias delay. Hence equivalent 
pulse widths greater than 300 nanoseconds were not given serious consider - 
ation, 

5,2.3 __I_- Accuracy, I - The candidate designs considered have pulse charac- 
teristics such that, the one second average of the ocean returns will reduce the 
random error  to  3 value approaching one meter RMS, The equipment bias 
error of almost 30 meters can be calibrated with respect to temperature, 
AGC and AFC variation before flight I During the orbital mission ground 
tracking stations can monitor transmitier pulse trends to allow correction of 
bias e r rors  from that source, It is estimaled that the total delay wil l  then be 
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known to *lo ns ( 3 6 ) .  This estimate is based on the assumption that the test 
program will charact'erize the receiver with a 5% accuracy. 

Most emphasis was given to designs tb.at approached the 1 meter RMS 
error .  This does not include the propagation e r rors  of thirteen to fourteen 
meters which can be corrected to approximately *O. 1 meters (see Appendix 
C )  L 

5.2.4 Detectors, - Square law and half wave linear detectors were 
trezitec! from an analytical point of view. In addition to these, the peak de- 
tector (i. e. , fast charge - slow discharge) and logarithmic d.. tector were 
subjected to laboratory experiments. 

The square law detector provides a mean voltage output that is propor- 
tional to its power input. This characteristic may be useful for constructing 
a receiver that is immune to sea state effects. For example, the analysis 
supplied by Pierson in Reference 6 indicates that the leading edge of the 
power return retains its area ander the influence of wave effects. The square 
law detector would preserve this characteristic. Since the signal input is 
equivalent to a, narrowband noise process, it can be shown that the mean and 
standard deviation of the output a r e  equal. 

The linear detector responds to the envelope of the signal input and there- 
fore distorts the power return. With the Rayleigh distributed envelope, the 
output signal to noise ratio is calculated to be 5.7 db. 

5.2.5 Waveform distortion. - There are several sources of error  that 
cause the waveform shape to depart from the idealized ramp most treated in  
the literature. Some ofthese are  the transmitter, IF filter-, detector , output 
filter and sea state effects. 

Several of these practical aspects can be quickly evaluated by means of a 
1abo:patory test set such as the Sea Return Pulse Simulator described in 
Appendix D. Some photographs of receiver waveforms are also provided 
there. This testing technique proved to be a powerful aid to the synthesis of 
the candidate designs. 

5.2.6 Range processors. - Several types of range processors were given 
preliminary consideration. They can be placed in the following three basic 
cztegor ies : 

1, Ambiguous PRF 

2. Unambiguous PRF 

3 .  Modulated pulse 
22 



Variations of two basic types of tracking loops were detailed. These 
were the Leading Edge Threshold tracker and the E w l y b a t e  Gate trdcker, 
It was found that selection OS a range processor is influenced by the choice 
of a transmitter. For example, a 2 to 10 KW transmitter does not provide 
a sufficiently high signal to noise ratio per pulse for goad threshold detection, 
hence an EarTy/Late Gate tracker with multiple pulse averaging is required. 
On the other haiid, a high power transmitter does provide an adequate signal 
to noise ratio for gated threshold detection (the tracking gate is used to re- 
duce the false alarm probability to an acceptable level). Because of waveform 
stability, a high power transmitter that will fit in  Geos C does not take full 
advantage of the waveform matching chawcxeristics of an Early/Late Gate 
tracker, Also, ai2 Early-Late Gate servo performs best at higher repetition 
rates where a reasonable loop bandwidth for tracking altitude rate of change 
can be employed. 

A cornparison of the two basic approaches was made analytically using 
results from References '7, 8, and 9,, Supporting experiments with the two 
approaches were also made using the Sea Return Pulse Simulator to build 
confidence in the caadidate designs, The basic principle involved i s  simply 
to average enough pulses to reduce the random error  to an acceptable level, 
Also, it is important to  use a range processor that does not add significant 
noise to the process, Both the Threshold and Early-Late Gate tracker fit 
this criterion, For the case of uncorrelated pulses, the signal to noise ratio 
increases by the square root of the number averaged, The resulting error  
magnitude can be estimated using the results of References 8 and 9, For a 
100 ns pulse, the following time errors per pulse result from the sea noise 
in one assumed Early/Late Gate tracker design, 

6 :; 140 nanoseconds Square law detector 

6 = 74 nanoseconds Linear detector 

After averaging I00 pulses, these RMS er rors  are reduced to 14 and 7,4 
nanoseconds reqpectively, The range e r ror  in  feet is one half of these values, 

5.2,7 Acquisition, --I--- - The details for acquiring the return pulse in the 
range gate were developed for the two types of trackers, It was found that for 
all the systems con ;idwed? the signal could be acquired in less thxn 5 seconds. 
Advantage can be taken of the fact that the received puLe rernains at its maxi.. 
mum level for scveral microseconds, By matching a coarse acquisition clr.. 
cuit to this relatively long pulse:, the total search time is greatly reduced., At 
high signal to noise ratios, threshold acquisition can be used, At low signal 
to noise ratios,, comparison gates integrating several pulses a re  required, 
With the constraints imposed by Geos C, the altimeter will either have a low 
repetition rate r i t h  high signal to xmoise per pulse or  a high repetition rate with 

23 



low signal to noise per pulse, Obviously, the threshold is compatible with 
the former and the comparison gates a re  compatible with the latter. 

5.2,8 Candidate designs. - As a result of the detection sttidy, coupled 
with the transmitter survey, three major candidate designs wcre initially 
defined for further investigation; an unambiguous pulse I epetition frequency 
design, an ambiguous pulse repetition frequency design and a chirp modula- 
tion design. The characteristics of wwii are listed in  Table VII. 

I------ 

The major factor in any of the desigfis relztes to concentrating a suf- 
ficient arnouiit of power on the ocean target in a short period of time. 

The unambiguous designs require high power magnetrons to transmit a 
short duratior, pulse at X or Ku band to achieve a satisfactory return signal 
to noise ratio. Significantly greater transmit power is required at Ku band 
to obtain an equivalent return pulse signal to noise ratio, because of in- 
creased losses due to weather. 

Because the Geos sateilite coarse ephemeris will  be known, it is possi- 
ble to operate the altimeter pulse repetition frequency in an ambiguous range. 
This mode of operation permits the designer to concentrate the same effective 
power on the target by trading increased PRF for reduced peak transmitted 
power, Of course the receiver must assume part ,Df the trade-off penalty 
because ot the additional electronics required to integrate a number o! re- 
ceived pulses. Improved accuracy can be achieved by narr )wing Che pulse 
width to 50 nanoseconds and compensating fnr the energy loss on target by 
doubling the PRF. This approach has a disastrous effect upon the signal to 
noise rati.0 per pulse, where 6 db is lost Secause of the increased rrxei.ver 
bandwidth required and the reduced energy per pulse. 'I he poor signal to 
noise ratio per pulse limits consideration to cI!c l  Earl.y/Late Gate tracker. 

A chirp radar system satisfactorily solves the energy on target problem 
through its ability to transmit a long, low power, modulated pulse which can 
be resolved to a 25 nanosecond accuracy by virtue of the coherent modulation 
on the pclse, A preliminary analysis of the chirp radar altimeter developed 
power, weight and performance estimates indicating that this approach might 
fit within the bounds established for this study, As such it is a strong con- 
tender for t k  "ultimate" satellite altimeter design. 

As a result of the cne year delivery requiremrqt, however, the chirp 
approach is not considered a candidate design for !,?.is study because of the 
lack of sufficient i n f o r m a t h  about the expected ocean return and the chirp 
modulation processing assemblies lo. Thus the General Electric Company 
concur 3 with. NASA's decision to mdertake an additional study of chirp radar 
altimetry to  i,!r:+.ermine its applicability. 
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Using the information developed here more detailed altimeter designs 
were synthesized and examined, This information is provided in Section 5.4 
of this report. 

The signal to noise ratio results found in Table V T T - K ~ . ~  computed frczm 
the following range equation and receiver characteristics, 

where: 

A =  

c = 

T =  
P 

h =  

L =  

Maximum received power 
Antenna gain 
Wavelength of the transmit signal 
Rzdar cross section per unit area 
Speed of light 
Pulse widt.h 

Altitude 
System losses 

The noise power is: 

Nr = KTe Bn  

where 

T, = Effective noise temperature 
Bn = Noise bandwidth 

For the systems under consider at ior, : 

6 = 10 db (rough water) 
h = 850 nautical miles 
L = 3 d b  
T, = 1900" (Pessimistic Value) 

0 



5.3 High Speed Counters 

Accurate measurement of range and generation of precise range gates are 
best accomplished by digitally counting a stable clock signal. The reference 
frequency, which is assumed to  be supplied from an external source, must be 
counted in a manner to minimize bias e r ro r s  caused by time delays tisough 
the digital logjc and counting circuits. 

In order to reduce the quantization error in the range measurement to an 
acceptable value, it is necessary to clock the range counter at a rate of 200 
MHz, This results in a minimum range increment measurement of 2.5 feet, 
Various approaches can be employed to sperate at this clock rate, The three 
most promising techniques are: 

1, Direct counting 

2. Two phase counting operating at 100 MHz 

3. Vernier counting techniques 

The first approach, direct counting, is selected as the approach to  use 
because it is simpler and less complex than the other two, In addition, micro-. 
electronic logic circuits now available, that allow direct counting at well over 
200 MHz, have been evaluated satisfactorily over the satellite temperature 
profile ., 

The most flexible direct counter design which best fulfills this require- 
ment is a parallel carry tyi.2 which reduces the accumulated time delays to  
a minimum. In a parallel carry counter each stage changes at the same time, 
thus eliminating the propagation delay inherent in ripple counters, Since the 
required counter contains twenty-two stages, the interconnections in a parallel 
carry configuration are more involved than. a ripple counter, 

One way to overcome the long delays in Ihe simple ripple counter is to 
preset the counter and decode it in the all ones state. In reaching the all ones 
state the ripple counter fills the most significant bit with a one first and then 
fills the next lower bit positions in sequence, When the least significant bit 
changes to  a one, the all ones state is decoded. Thus the ripple delay is 
limited to that produced by one gate and one flip-flop, The counter off time, 
determined by the pulse repetition rate, allows sufficient time for information 
readout and presetting for the next counting interval, The preset counter 
approach also readily adapts to the generation of a digitally timed range gate. 

In order to conserve power the ripple counter described is implemented 
using a combination of Emitter Coupled Transistor and Diode Transistor logic 
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circuits, The first six high speed stages are of the Emitter Coupled type, 
using the MC 1070 flip-flop and the MC 1062s gate manufactured by Motorola 
Semiconductor Corporation, shown in Figure 1. Tests in the laboratory 
environment using the test configuration shown in Figure 2, yielded satis- 
factory operation up to an input frequency of 400 MHz. Temperature testing 
of these high frequency counter stages was completed at 256 MHz and opera- 
tion profiles as a function of bias voltage, input signal level and power supply 
voltage are shown in Figure 3;  Photographs of the waveforms zt a 256 MHz 
counting rate are shown in Figure 4, 

The test results indicate that a power supply voltage of 5 .  75 volts is re- 
quired to guarantee reliable performance over a temperature range of -30°C 
to +85" C ~ This voltage grants satisfactory immunity to changes in all of the 
variables involved. The first six high speed stages consume 1.6 watts when 
counting an input clock at 256 MHz, The Ycsulting 4 MHz output can be handled 
with low speed, low power diode transistor logic. 

The subsequent stages are broken up into sections ana appropriate logic 
circuits are used, The type required is dictated by the operating frequency 
in question, Power dissipation and maximum frequency of operation are gen- 
erally directly proportional. For this reason a savings in dc power can be 
realized by matching the logic type to  the operating frequency, To assure 
high reliability in the newly developed high speed stages, they can be wired 
in a redundant configuration operated by command, with power applied only 
to the stages in use. 

5.4 Synthesized Design 

Size, weight and power estimates of several equipment configurations 
were made to insure an optimum choice for the Geos C mission. In addition, 
approximate cost and reliability estimates were made. As a result of dis- 
cussions with Dr . George Weiffenbach and Mr c George Bush of Johns Bopkins 
University's Applied Physics Laboratory it was assumed that the antenna, 
data memory, command programmer, telemetry, time reference generator 
and stable reference frequency source will be supplied by the spacecraft. 

The primary constraints on the altimeter are a weight of 25 pounds, an 
average power of 35 watts, a maximum energy drain of 72 watt hours during 
a single operating interval and a one year  delivery time of a flight model. 
The reduction in output data resulting from a low duty cycle can be traded for 
an increased dc operating power to maintain the energy consumption per orbit 
within limits. Equipment configurations that did not reasonably approach the 
primary constraints listed above were not given serious consideration, A s  
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can be expected the transmitter has the greatest impact on the design, It 
dominates the size, weight, power, and to a large extent the type of range 
tracker to  be used. 

The basic altimeter block d i apam is provided in Figure 5, A pulse 
radar approach is used for practical reasons, That is, a CW radar requires 
a prohibitive value of transmitter-receiver isolation and an "almost CW" 
approach, compatible with the Geos C objectives and one year delivery, is 
not available at this time due to the complete lack of supporting data. The 
basic altimeter approach is compatible with Leading Edge Threshold or Split 
Gate Trackers or both, It is also compatible with ambiguous and unambig- 
uous pulse repetition frequencies, 

5,4.1 Transmitters. - Several types of pulse transmitters were examined 
for the possible pulse radar configurations. In this survey, transmitters were 
studied with the following parameter bounds:: 

Peak power : 2 to I80 KW (single frequency) 
1 to 2 KW (chirp) 

Pulse width : 50 to 100 nanoseconds (single frequency) 
10 microseconds (chirp) 

Pulse repetition rate : 100 pps (un.ambiwous ranging) 
1000 to 5000 pps (ambiguous ranging) 

Frequency : 9 to 16 GHz 

The frequency range was chosen. for the following reasons, For a given 
antenna area, the received power is directly proportional to the square of 
frequency, This frequency choice permits the antenna to have high gain with 
a size compatible with the spacecraft dimensions and altitude stability, 
Furthermore, there is a large selection of off the shelf transmitters of suit- 
able size an.d weight in, this frequency rf ge. The bandwidth necessary for 
the required range resolution can be easily achieved at X-band and at these 
frequencies the range e r ror  caused by transmission through the ionosphere 
is negligible e 

At the high end of the frequency rangey the  attenuation and echoes from 
rain storms a re  increased, An analysis indicates that the sea return i s  suf- 
ficiently high to permit rejection of the ''weather" echoes in the detector cir- 
cuits, however the attendation suffered at 16 GHz, when transmitting through 
heavy rainfall, i s  great enough to give the 10 GHz a definite advantage. The 
transmitter block diagrams are  given i n  Figures 6 through 10. The five basic 
transmitter designs shown there were considered with respect to the Geos C 
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constraints, They include the high and low power magnetrons, high and low 
power Lraveling wave tube amplifiers (TWT) and the cross-field amplifier 
The data necessary for weight and power trade-offs is provided in Table Vm. 
These can be related to the carididate designs of Table VU. The weight and 
power data includes the high voltage po\.er supply. modulator and transmitter 
tube, 

5.4.1,1 Magnetrons. - A survey of sewral magnetron vendors mcluding 
Litton, Varian, Hughes, Sperry, Microwave Associates and Raytheon was 
made to investigate the perforrnarce characteristics of a-pplicable devlcesl 
High power magnetrons in tbe '70 to 100 KW range were considered for the 
100 pulse per second radar while iow power mametrons m the 4 to 25 KW 
range were considered for the high p ~ k c  repetition frequency radar. 

The low power transmitPers exhibit better waveform stability and requwe 
less filament power than the high power transmitters. The waveform stability 
is compr isd  of two basic variables, the frequency stability (during the pulse 
aTid betweell pulses) ar,d the stability of the rise and f a l l  tunes Although the 
low power magnetrons have a defrnite superiority i n  te rms  of stability. they 
do nut provide s-dficient power for the threshold detectiw receiver ai an alti- 
tude of 850 nauticai miles as the high power transmitters do- Avadable mag- 
netrons in both classes will supply an R F  pulse with a 10 to 20 nanosecond 
rise time, an 80 nmosecond pulse width and a 20 to  40 nanosecond fall time- 

For the high power magnetron transmitter block diagram, Figure 6 ,  a 
Ku-band hibe was found that reqJrres less filament power thw, its X-band 
counterpart. However, the power advantage was not enough greater to off- 
set the additional propagation losses and increase in receiver noise figure at 
the higher frequency. Typical magnetrons iD. the X-band and Ku-band range, 
with peak output powers of 70 to 100 KW, requu e fllarnent powers of 20 to 50 
watts and are designed for higher duty cycles a i d  wider pulse widfhs than de- 
sired for the allmeter application- The requlred filament power is proy?m-- 
tional to the product of duty cycle and peak power, By usmg a dlfferent fila- 
ment material and cathode structure tube filament power requirements can 
be substantially reduced, for low duty cycle and na r rowpl se  mdth operation. 
Frequency change durulg the pulse is related to the modulator pulse flatness, 
where frequency changes as large as 70 KHz per ampere a re  possible- Meas- 
uremeiats made by manufacturers high power Ku-band plse  magnetrons 
showed that 83% 3 the RF pulses were Pnthin 20 KHz of each other, It is ex- 
pected that the combined frequency drift during and between pulses will be 
less than 25Q KMz at Ku-band. Sui ;=  results are predicted for X-band 
tubes. 
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On rare occasions a pulsed magnetron will not oscillate normally when 
the output from the modulator is applied, and the result is a missing pulse., 
The missing pi&e rate will  be approximately 0. 001%, where a missing pulse 
is defined as a transmitted pulse with less than 70% of normal energy. Missed 
pulses can be detected and telenietered to allow data processing on tile ground 
to virtually elimimte the resultmg range er ror .  

5,4,1,2 Traveling wave tube transmitter, - Travelmg wave tubes 
(TWT’s) are available that have a high reliability rating in a space environ- 
ment and will amplify the fast, narrow €9 input pulse. To conserve power, 
the TWT would be gated on slightly before the start of the R F  input pulse and 
gated off after the RF pulse ended, The TWT input R F  pulse can be generated 
by feeding a CW radio Irequency signal through a fast diode switch, One 
hundred nanosecond pulses can be generated at peak power levels up to one 
watt using diode switches, 

A survey of available TWT’s with peak output powers in the range of 25 
KW to 100 KW show them to be iarge, with weights of a5 to  25 pounds, and 
filament power drains of 30 to 50 watts. These tubes are designed for duty 
factors of 0.. 5% to I%, which 1s considerably larger than that requmed for the 
altimeter application. 

One vendor feels that by iising a different cathode material the filament 
power requirement for tubes cm. be reduced to 10 to 15 watts for the altim= 
eter low duty factor requirement., The vendor has not built t.dbes like this 
but has investigated and proposed such tubes for other customers. 

Although the TWT transmitted pulse would be well controlled and of ideal 
shape, the requirement €or associated subassemblies such as the power supply 
and modulator result in combined size a d  weight figures which exceed the 
bounds set for the entire altimeter. 

TWT transmitters in the one to two kilowatt power range were found to 
have acceptable weights but still are considerably heavier and less efficient 
than rnagnetrms in  the same power range, These are suitable for the Chirp 
and high prf systems considered- 

5 , 4 . 1 . 3  Pulse magnetrcm plus cross-iield amplifier. - The Cross-Field 
Amplifier ( C F m S  an efficient microwave power am$”ier that operates at 
relatively low voltage,. Some CFA‘s operate unth cold cathodes, making them 
attractive because filament power is not required- CFA’s a r e  normally large 
and heavy, and have gains of 90 to 20 db. The X-band units weigh from 30 to 
50 pounds and more, 
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Since the cold cathode tube draws power only during pulse amplification, 
over-all efficiencies in the range of 30% to 60% a re  possible. The CFA will 
also sharpen the ; %:e time of a n  R F  pulse because it does not draw current 
during the first 8CIr’, of the applied pulse. The fall time of the RF  pulse out 
of the CFA should be faster than the output of a pulse magnetron because it 
has no stored energy. 

The reliability of the CFA is not well established since the device is just 
becoming widely used. However? the low duty factor associated with the al- 
timeter application should result in the longest possible life 

Varian Associates manufacturers a C F A  operating in Bu-band (Type 
SFD-236) that may be utilized in  an altimeter transmitter 
is designed for a higher duty factor, the tube weight may be reduced to about 
13 pounds by removing some of the cooling fins This CFA requires a mini- 
mum input RF  pulse of 2 KW peak. which can be supplied by a low power 
pulse magnetron. This magnetron will be small, light weight and will re- 
quire considerably less dc power than the higher -powered versions discussed 
previously 

Since the tube 

In the near future a possible replacement for the pulse magnetron re-  
quired to drive the CFA would be the Limited Space Accumulation (LSA) diode 
pulse generator. The LSA generator along with the CFA would result in a 
complete RF  source that does not require filament power. A Ku-band unit 
with 2 KW peak output power is not available now, but probably will be avail- 
able in one to two years. Cayuga Associates, Inc. sells X-band LSA diode 
pulse generators with a pulse length of 100 nmoseconds which generate 500 
watts a t  60 pulses per second. In addition. they have achieved 1 . 2  KW peak 
power at  X-band The present units operate over a small temperature range 
about room tsinperature , Work on extending the operating temperature range 
is progressing but more development is required -fore the LSA device can 
be used for this application Hence the LSA diode vi11 not be considered for 
.he Geos C altimeter application. 

5 . 4 . 2  Duplexer. - The transmitter duplexer consists of a three-port -- 
circAator with a gas TR tube and a solid state limiter. 

The circulator provides 20 db of isolation between the transmitter and 
antenna and when used as part of the duplexer results in a unit with lower 
transmitter irrsertion loss than an a rc  type gas switching dupiexer in which 
the insertion tends to increase as pulse width decreases, The receiver pro- 
1;ection circuit consjsts of a TR tube and a two stage diode limiter. This 
configuration limits the spike leakage to 0.02 ergs and the flat leakage io 50 
milliwatts which is sufficient to protect a tunnel diode preamplifier, i f  one is 
used. A keep-alive voltage of 1 kiiovolt at 0. 150 microamperes is required 
by the TR tube. If a kunneldiode amplifier is not used and the signal is applied 
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directly to a mixer, then the duplexer design can be simplified by using a 
single stage diode limiter which will reduce the receiver insertion loss from 
1-3 db to 0.9 db at Ku-band. For X-band frequencies the receive insertion 
loss would be approximately 0-2 db lower, 

5 4 - 3  Preamplifier - A single stage Tunnel Diode Amplifier (TDA) may 
follow the duplexer to amplify the received signal, either a t  X- or Ku-band. 
To achieve maximum gain the 'i'llA bandwidth would be restricted to about 60 
MHz, Should the tunnel diode or bias voltage source fail, the signal will pass 
through the amplifier with only slight attenuation. The TDA will have 15 db 
gain and 6 db maximum noise figure. The outpux power a t  the 1 db compres- 
sion point is -25 dbm, and when sahwated is -18 dbm. The TDA includes a 
multiport circulator for proper isolation. A two stage TDA may be used re- 
sulting in approximately 30 db gain with an additional 10 ma current drain. 

The operating tempera.ture range of the TDA's is 0°C to 65°C. Below 
0°C the circulator changes characteristics significantly altering the TDA 
gain, thus causing parametric OEt-illztions. Normally, heaters are required 
for satisfactory operation at: the lower temperatures. For the expected 
altimeter environment of -12°C to 47°C a heat source is required to guaran- 
tee proper operation. 

Use of a TDA will also require additionzl front end protection against 
possible strong signal levels, As  a result the dqdexerp loss will be increased 
somewhat so that the resultant signal to noise impravement over an integrated 
receiver R F  assembly is not t xpeckd to exceed 2 db, This is not considered 
an acceptable tradeoff against the additional heating source requirements im - 
posed. Hence the TDA is not ccnrsidered in the proposed design, 

5,4,4 Detector and Ra.rig:e Tracker, - Three types of detectors were - ---- 
considered for the receiver aesign and tests on the performance of each were 
made using the Sza Return Pulse Simulator. The detectors considered were 
the square law detector, half wave detec.tor a d  the peak detector (L e o  , fast 
charge-slow disc.harge) 

A fourth detector approach I the synchronous detector, has been suggested 
as a possible means of improving accuracy versus signal. to noise ratio by 
J. Morris in Reference 11, An evaluation of this approach was suggested as 
a topic for further study on pages 4-40 and 4-44 of Reference 11. 

A preliminary investigation of the design of this detector approach in- 
dicates that i t  requires a significant, increase in hardware over the simple 
diode detectors considered. Consequently, it is nc+ treated further in the 
synthesized designs sime its possible merits are unproven 
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No significant difference in hardware is required for the three detectors 
considered, hence a final choice depends on the accuracy results obtained 
from the Sea Return Pulse Simulator and computer analysis. 

The synthesis of the range tracker loops conc+ntral.ed on two basic ap- 
proaches,, the hybrid servo and the analog servo The analog servo derives 
the range gate from a voltage controlled oscillator which is phase locked to 
the time er ror  signal generated by the range tracker loop. The range counter 
is then used to measure the oscillator period which is proportional to the al- 
titude. This type of processor lends itself to ambiguous and unarnbiguous 
transmitted pulse repetition frequencies 

The hybrid servo approach derives the range gate from the high fre- 
quency counter. To accomplish th i s ,  the e r ror  signal is converted to digital 
form and after appropriate manipulation and averaging is used to set state 
recognition logic in the range counter - The hybrid servo is cornpatible with 
a fixed, unambiguous pulse repetition rate. Both servo loops are compatible 
with an Early/Late Gate form of tracker or a Leading Edge Threshold tracker. 

Analysis of the combined detector, range tracker performance requires 
that the transmitter operating mode must be considered, since performance 
will differ between ambiguous and fixed pulse repetition frequency operation. 
A s  a result: receiver systems can be synthesized by selecting combinations 
made up of either an ambiguous or a fixed transmitter PRF an. analog or  a 
hybrid range servo loop and a Threshold 01- EarlyjLate Gat2 tracker. In the 
process of making hardware comparisons of the two basic servo approaches, 
it is essumed that the signal ta noi?? ratio is at  least 3 db 
circuit nomplexity a +IO db signal to noise ratio was  also assumed to allow a 
simple acquisition procedure using a threshold detector. 

To minimize 

The three basic approaches resulting from the design synthesis are given 
in Figures 11, 12 and 13, The first is an Early/Late Gate tracking loop which 
compares the integrated video signal from two portions of the returned wave- 
form and servos on the el ror  voltage generated from their weighted differ- 
ence. The second is a Leading Edge Threshold tracking loop in which an early 
tracking gate is used to reduce the false alarm probability to an acceptable 
level. Both of these approaches use the range counter to generate the range 
gate. (This is equivalent to making a voltage controlled one-shot with crystal 
oscillatw timing accuracy, ) The third approaeh is a Voltage Controlled 
Oscillator (VCO) tracking loop which is compatible with either a Leading Edge 
Threshold or Early/Late Gate time e r ro r  detector, The design synthesized 
here uses a threshold detector for acquisition and switches to the EarlyILate 
Gate tracker after acquisition. This approach is compatible with an ambig- 
uous pulse repetitian rate and the Figure 13 depicis the case where there 
are 6 pulses perround trip time period. 
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Detailing the three basic desigv- leads t o  the following conclusions. The 
three tracking loop a.pproaches copsidered can he irriplemeriteci within the 
Geos C time schedule. the I.tt>~-dir:g Edge Threshold is by far the 
simplest f rom a hardware p i t ; ;  of v i e w  Also, utiliring a 10 db signal to  
noise ratio simplifies the ac.qi, isitiori ;iIob1ern, More supporting test data is 
also available on the unarnbigunus I arlgmg :system than the high repetition 
rate system, 

However 

5, 4, 5 Local oscillatcw and IF amnp1ific.r - The local  oscillator is essen.- 
tially the sa.rrie for- al.1 the design ap1irc)achea c~-~~sidtZrt~d 
solid state voltage tuwd oscllllaror ojIprat.irlg at freqwncy of appr oximatelg 
1 GHz and a diode mult i~l ter  t o  extmd the freqwiicy ~rtto X-band or Kn-band. 
In a coherent system mirig a TWT the oscillat;ttoi-~ is phase locked to a ref- 
erence signal from the fl-cquency synthesimr In a noncoh~rent system, it 
would be frequency locked to  t he  sampled IF discr:rninator output. Operation 
at Ku-band compared to X.-band reqt.,ires mor e dc power and is somewhat 
less reliable because of the additional electro!iic.: required. 

~ _____.I_I-_I._ _.. .-.I_. 1 ^  . ._-.-_.. . 
It consists of a 

The IF amplifier design emphnsices simplicity 10 iiisure stability of its 
transient and delay character 1st ics. An auturnatic gain control is used to 
maintain an optimum level at the detector circuit. The delay through the 
receiver varies with the ACX. h e t w  its level must be used to correct the 
altitude data, The dymmic range of the receiver is approximately 45 db which 
is more than adequztte to cox;tr.A ihe sigrial lewl  variations caused by changes 
in altitude and sea state, 

Since the frequency and operating conditions of the altimetei, r'l!r-.v a 
relaxation of the image and spur ious  re8pcm;e specifications ti; c :  1 ~ ~ 1 :  : i -  !:ingle 
conversion receiver is used with n cwter  freqiuency i n  the 60 to 85 MH:, range. 
The filter would be either single pole or  two pole with a. final choice dependent 
upon the results of characteristics tests with the Sea Return Pulse Simulator. 
The bandwidth is approximately equal to the reciprocal af the pulse width and 
the mean receivcr delay time is i n  the 100 to 150 t)anvsecond range. 

For the chirp radar case, the IF amplifier would be purchased as an entire 
assembly matched to the dispersive delay 1Im- 

5, 4,6 AFC arid AGC, -._ '- Automatic. frequency cx~iitrol and automatic gain 
control are  used to maixitain the freqiicscy and amplitude of the received signal 
centered in the receiver pass band so as to  optimize detection and minimize 
delp-y variations. 

Automatic frequency cniltrc,! is required for local oscillator tracking of the 
transmitter frequency in  the Irowoherent systems. The AFC loop i.s made fast 
to track the maxiiiiulii frequeiicy drift m l o  of a magnetron traiismitier. In fact 



the solid state local oscillator can be slewed fast enough to implement a rapid 
tune approach in which the AFC servo essentially acquires the signal on every 
pulse. A survey of applicable trarismitter tubes indicates that the rate of drift 
is sufficiently low, compared to the IF bandwidth to permit the loop to average 
over approximately 0,1 second, reducing the pulse to pulse frequency jitter to 
a small additive random delay e r ro r ,  

The automatic gain control circuit is aesigned so that the AGC sample is 
taken on the relatively long, flat portion of the ocean return pulse. With a 
closed loop time constant of at  least O,, 1 second, the AGC servo action tends 
to look a t  the average of 10 o r  more pulses. 

5,4.7 -. Reference frequency synthesizer, - - The reference frequency syn- 
thctsizer accepts the stable reference frequency from the spacecraft and syri- 
thesizes the riquired f requencies for the altimeter subassemblies by mea& of 
the direct techniques of rni~ltiplica&ion division. arid mixing 

5 4 a 8 Power supply and power b;ldget. - The power supply consists of a 
combination of switching regulators and chopper type converters, as shown in 
Figure 14. Switching regiilators axe used where possible to take advantage of 
the high efficiency they offer, In eases that require voltage step up or  polarity 
inversion, the chopper type converter will be employed, An average efficiency 
of 85% can be achieved i f  the battery supply is well behwed from an audio sus- 
ceptibility point of view and series regulators a re  riot required, Similar power 
supplfcs, designed and manufxtured for other aerospace programs by the 
General Electric Company displaytd efficiencies of 85% when series output 
regulators were riot required, 

Table IX is a tabulation of the power bwdgeted for each section of tho sys-  
tem. The major variation in t.ota.1 required input power is caused by the differ- 
ent transmitter-mouula.top candidates considered I) 

5 ,, 5 Output Data Requirements 

Satisfactory performance of the satellite al,timc.ter in any designated mi:; - 
:or t’cf - sion requires that information generated by the altimeter be avail 

ernetering to the ground, This information fa,lls into two classes, , h d e  
measurement data and general housekeeping data. 

5 5.1  Altitude data. - The rxw altitude information, for altitudes to 
1005 x 106 feet, is preseFted as a 22 bit digital work with a least significant 
bit value of 2 ,5  feet, This information is computed and available once each 
transmitted pulse interval for sampling by the telemetry or data storage 
system. 
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TABLE IX 
POWER BUDGET 

System Element 

Receiver 

Local Oscillator 

Range Tracker 

Reference Frequency Synthesizer 

Type of Transmitter/Modulator 

Pulse Magnetrod 
Cross Field Amplifier 

High Power Magnetron 

25-100 KW TWT 

2 KW TWT 

8 KW Magnetron 

4 KW Magnetron 

20-25 KW Magnetron 

Power Supply 

Pulse Width Power Estimate 
Rate (watts) 

1,268 

3 .0  

4.5 

0'5 

100/100 18.3(11.5)* 

100/100 20" 2(11.2) 

100/100 31.0(24,0) 

5 000/100 31. Oil,.;). 0) 

5000/100 33.2(30,0) 

5000/100 21,7(19 0) 

1000/100 19,6(17.6) 

15% Load 
Power 

*Denotes an optimistic value. 
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For circular orbits or elliptics.1 orbits with eccentricities of 0.03 or less, 
the combination ox geoid altitude variations and radial velocity amplitudes 
which occur from one transmitted pulse period to mother (assuming a worst 
case PRF of approximately 100 pulses per second) result in changes in the ten 
least significant bits only. Henc.e it is possible, i f  the data storage or  data 
transmission channels are limited, to only sample the ten least significant 
bits on a regular basis and sample the complete 22 bit word at a lower rate, 
It is always possible that the altitude data word may be such that it will vary 
a b u t  a value of all ones which extends beyond the ten least significant bits. 
As a result, variations in the altitude word may extend beyond the suggested 
10 bits. As long as the complete altitude word is sampled frequently enough, 
however, i t  is always possible to deduce the total altitude word from the ten 
bits sent, 

In addition to the raw altitude data alrezciy discussed, certain additional 
data must also be :ransmitted, at a low data rate, to permit a continual meas- 
urement of the changing bias e r r o r s  inherent in the altimeter. These charac- 
teristics include: 

1, Automatic. gain control (AGC) voltage 

2 ,  Component temperatures 

3 a Transmitted power 

The AGC voltage, which is developed by integrating ten or more received 
pulses, varies at a frequency proportionally lower than the pulse repetition 
frequency It must be used to correct the altitude measuremsA, because of 
receiver delay variations associated with the signal level in the IF amplifier, 

Component temperature, which tends to scabilize once the altimeter has 
been on for 30 minutes or  more, is also influenced by the length of time the 
satellite is in sunlight or dark. Hence temperature variations tend to be 
exponential in nature with a time constant of about 10 minutes, or approx- 
imately sinusoidal with a period equal to the orbit period. 

The characteristics of the transmitted pulse, such as rise time peak 
power pulse width and fall time cannot be readily measured without using the 
complex sophisticated test equipment available in a laboratory a Consequently 
the telemetered signal will be a measure of the average power transmitted. 
Individual pulse transmissions will be indicated on the telemetry output making 
i t  possible to monitor missing pulses. As a result,the transmitted power should 
vary at the transmit pulse repetition frequency. 
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In order to maxiniize the overall accuracy of the altimeter, calibration 
curves will be made of each telemetered output. 

The telemetry outputs will be in the standard range of zero to five volts, 
to be compatible with commonly available telemetry systems 
accuracy over this range will provide the information needed to match the 
values of A W  voltage, component temperature and transmitted power to the 
calibration curves needed to remove bias e r r o r s  from the raw altitude data, 

One percent 

5.5 2 Housekeeping -- data, - - In addition to the raw altitude data and the 
associated calibration signals, a number of other points must be monitored 
in a new desigri in order to isolate the causes of possible failures. These 
include : 

1. Turn ON/turn OFF command 

2. Local oscillator output 

4 Voltage converter outputs 

5. Detector crystal current 

6. LGgic control s igmls  

7. Automatic: frequency control output 

The exact functions monitored will vary depending upon the design chosen. 
. 

The first two functions turn ON/turn OFF command and local oscillator output 
will  be monitored for all possible designs. So will the altimeter voltage conver- 
ter outputs, but the number of monitoring points will vary with the dosign. 
Only two or three points will b~ needed i f  a magnetron transmitter is used. A 
TWT transmitter on the other hand, with i t s  more complex voltage converter 
would require at least three more monitoring points, 

The 200 megahertz r e i s c x e  trequency is generated from a stable lower 
frequency reference supplied by the spacecraft. Since this signal is a key part 
of the range measurement technique used in  a l l  designs, both the input refer- 
ence signal and the high frequency outpui will be monitored. 

If a biased detector is used, detector crystal current will be instrumented 
to monitor defector perf0smanc.e 
number of logic control signals not to exceed ten, to determine the 

Allowance must be made for selecting a 
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performance of any of the designs selected 
crete in nature will vary somewhat ., depending upon the design selected. 

These signals which will be dis- 

As with the altitude data outputs previously discussed the telemetered 
housekeeping outputs wil l  be available in the standard zero to five volts dc 
range 
puts, detector crystal current frequency multiplexer output, local oscillator 
output and the automatic frequency conwol output can be expected to vary at a 
low frequency rate, thus permitting the outputs to be sampled a few times per 
second. A more exact determination of the occurrence of the turn ON/twn 
OFF command signals or detection of voltage converter transients suggests 
sampling at a rate oi 100 to 1000 times per second, 

In general. the turn ON/turn OFF command, voltage converter out- 

Sampling of the logic control signals must be performed at a rate consid- 
erably higher than the transmitted pulse PRF, unless a flip-flop or other 
aemory  circuit is used to remember the short duration signals generated 
from the 200 MHz logic. 

5 6 Mechanical Design 

Since a variety of possible design approaches are presented in Table IX, 
some of which are incompatible with the design bounds discussed in Section 
2. O ?  only those candidate designs recommended in Table IX, a re  treated here. 

A sample design of a pulse altimeter w a s  detailed to verify that the de- 
signs discussed could be satisfactorily packaged, 

The configuration shown in Figure 15 apglies to the high power magnetron 
approach, which requires the largest size package of all three proposed trans- 
mitter types. The selection of any other physically smaller transmitter de- 
sign would not significantly alter the configuration of Figure 15. 

5,6,1 Structural. - The volume available for an altimeter in one of the 
octants of the Geos C spacecraft can best be utilized by a trapezoidal shaped 
package having major dimensions that conform with those of the octant walls. 
This type of radar altimeter package configuration is shown in Figure 15. 
Structurally the design consists of a baseplate approximately 0.30 inches 
thick which provides the mourking surface for all components. With all com- 
ponents mechanically secured to a common structural plate, only a thin, 
lightweight cover is required to serve as pratection against normal ground 
environments, The estimated weight of a chassis having the dimensions shown 
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in Figure 15 is 7.90 pounds w:"- 5 * 80 pounds attributed to the baseplate. 
Since an unpressurized package 3 used to permit rapid internal pressure 
equalization, no protection is provided for continuous corrosive environments e 

5 , 6 . 2  Component packaging, - The components making up the trans- 
mitter section wil l  be packaged in a planar configuration thereby making each 
component accessible without disrupting other compon.ents 
in addition to providing excellent accessibility offers the following major 
advantages : 

This approach, 

lo 

2. 

3. 

It is a relatively simple straightforward approach and does 
not require any special manufacturing techniques 

The baseplate is used as a. common reference plane for dimen- 
sioning to all waveguide flanges and therefore misalignment 
of mating flanges due to a buildup of mechanical tolerances 
is avoided. 

Because brackets and additional structures normally required 
for stacking in the r t Z t f  direction are unnecessary in this planar 
approach the equipment is lightened considerably from a weight 
standpoint 

The physically smaller sections of the altimeter such as the receiver, 
detector and logic circuitry will be packaged in planar modular form as 
shown in Figure 16, 

5.6.3 Module description. - Components were mounted on a planar 
epoxy glassToard which in turn were inawAted in a thin wall aluminum sub- 
chassis * component leads were terminated at  terminals which fed through 
to the back plane or wiring side of the board, Interwiring of components were 
made with point to point hard wire connections, To provide for quick removal 
of a module from the altimeter assembly, input and output wires terminated 
at a multipin connector located at the module bulkhead. This modular ap- 
proach is particularly attractive from both a producibility and reliability 
standpoint because it is based on proven state -of -the-art techniques, The 
reliability and producibility risks characterized by designs using multilayer 
printed circuit technology were avoided because of the short schedule and low 
production expected. 

To optimize the altimeter packaging density, the smaller modules were 
mounted on structural plates and stacked in the ' rZrr  direction. 
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Connections between modules were made by prefabricated laced cable 
assemblies which were secured to  the major structure at various points to 
prevent oscillation of the cables during vibration. 

TABLE X 
SIZE, WEIGHT AND POWER CHARACTERISTICS 

Transmitter Section 

Magnetron 4 ,OO 

Modulator /HVPS IO. 00 

Circulator 0,12 

Limiter 0.12 

Tunnel Diode Amplifier 0,30 

14,54 

Receiver Sect ion 2,50 

Low Voltage Power Supply 1,50 

Size Volume 

- 
- 
- 
- 
- 
- 

64,O 

24,O 

5.6,4 Vehicle mounting, - The design uf the baseplate prcvides inte- 
gral mounting tabs or feet around its perimeter and can be adapted to the 
vehicle structure with either rails or a flat plate, With the altimeter in its 
installed position, th-. bottom of the baseplate is located adjacent to an out- 
side wall making it easily accessible for assembly and disassembly without 
disturbing the other components. 

The altimeter's antenna waveguide port is located on a wall correspond- 
ing to the forward direction of the vehicle. Assuming that the antenna is to be 
located at the intersection of the X and Y axes, a waveguide transmission line 
path of approximately 2 feet is required. 

5.6,5 Environmental performance, - The radar altimeter is mechanical- 
ly designed to successfully survive the dynamics of launch and ascent and to 
perform reliably during the orbital phase of the mission. A brief analysis 
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of altimeter. performance with respect to the various environments encoun- 
tered is outlined below. 

5,6.6 Vibration. --- - Since the baseplate is used to structurally support 
all altimeter components, it is important that the various resonant frequen- 
cies and mode shapes be identified so  that coupling with component frequencies 
can be avoided. Components w e  physically mounted on nodal lines at those 
resonant frequencies where coupling is liable to occur, The natural or reson- 
ant frequency of the baseplate is determined by the following equation: 

d 
n 2 a 

f = - a  (4) 

where 

f = Natural or resonant frequency (Hz) n 
a = Parameter determined by edge restraint and mode shape 
d = Plate thickness (inches) 
.a = Plate width (inches) 
E = Young's modulus (PSI) 
p = Density of material (lbs/'cu in.) 
y = Poisson's ratio (0,33) 

Y 

For a 0.30 inch thick aluminum plate, the initial fn is determined to  be 
215 Hz with the last occurring at approximately 1300 Hz. The resonant fre- 
quencies of the smaller components are considerably higher than this and 
coupling does not occur, Those components having an fn falling within this 
215-1300 Hz bandwidth can be located on or near baseplate nodal lines, 

5 . 6 , T  Shock. - Similarly designed equi@nents produced at GE/AE have 
successfullywithstood shock levels as high as 100 go The highest levels to 
be encountered during the mission probably occur at booster separation and 
usually are substantially below 100 go However, a situation can exist where 
the frequency of the shock pulse will coincide with the resonant frequency of 
the equipment thereby causing excessive transmissibilities, According to 
the equation 

1 f = -  
P 2tr (5) 
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where 

f = the shock pulse frequency 
the r ise  time of the pulse 

P 
= 

A coupling of frequencies occurs when t = 2,3 milliseconds, Rise times 
are usually slower (8 to 11 rnilliseconds~ thereby putting the shock pulse fre- 
quency below the equipment resonant frequency, 

5,6.8 __I_- Thermal. - If rails are used to mount the altimeter to the vehicle, 
the primary mode of of heat tr&nsfer is by radiation. Assuming the highest 
ambient temperature is +l 'bO" F, the temperature rise within the unit based 
upon a power dissipation of 30 watts is determined by the foilowing equation: 

Q =  
where 

Q =  
t ; =  

F =  e 
F =  a 

Tr 
Tc - 

s 

A =  

... 

6 F F A(Tr  4 - T c )  4 
s e a  

Power dissipation (BTU/hr) 
Stefan-Boltzmam constant (0,173 x IO-') 
Emissivity factor 
View factor 
Unit surface area 
Tcrnperatiwe of radiating surface ("R) 

Temperature of ambient surroundings (" R) 

The temperature rise is calculated to  be 12,5" F which results in com- 
ponent operating temperatures of 122,5" F, This is well within the limits re- 
quired for reliable operation, 

5.6.9 -- Pressure. - Extended exposure to low atmospheric pressure can 
be considered hostile because of its effect on non-metallic materials. Certain 
materials can lose a considerable amount of weight in a years time due to 
sublimation, Because of this phenomenon special attention will  be given to 
choosing materials with low s~~blimation rates, 

Electrical breakdown due to low atmospheric pressure is not considered 
to be a problem. Since the altimeter package i s  unpressurized the positive 
pressure differential within the package during ascent will bleed off rapidly 
and wil l  reach equilibrium with the surrounding sutside environment before 
orbit is achieved. 
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5,6.10 Other enviromnents. - Additimal adverse environmental condi- 
tions such as humiditgi and saline atmosphtre are considered to  be less criti- 
cal. Enclosing the equipment with a cover is usually sufficient to protect the 
internal components from corrosive atmospheres including high relative 
humidity. 

5.6-11 Summary. - The environmental requirements as specified in the 
Performance Specification for &os €3 Spacecrad2 will  be well within the 
maximum limits of the radar altimeter design and therefore, no problems 
are anticipated in this area, 
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APPENDIX A 
THE CHARACTERISTIC OCEAN RADAR. RETURN AT 

SATELLITE ALTITUDES 

I. Flat Lambertian Scattering Ocean from Satellite Altitudes 

The radar return per unit area, 6 (0 i) as a function of angle of incidence 
from a flat Lambertian scattering surface i s  shown in Figure A-I. 

The radar geometry, showing the build up of radar area from satellite 
altitude, h, is shown in Figure A-2, 

where: 

2 2  P T G  A AT BT 

3 4  (474 R 

Received power 
Transmitted Gower 
Wavelength 
Area intercepted 
One way range 
Scattering cross  section 

The reflection from satellite altitude from a flat Lambertian ocean is 
2 2  then: 

PW G X 
(A-2) 

Using the nomenclature of Figures A - l  and A-2 for t' 0 the radar altim- 
eter equation then becomes: 

(A-3) 

A- 1 



and 

where 2 2  P , G  X 
I - 

k2 - 2 ( 4 ~ ) ~  
(A-5) 

Figure A-3 is a plot of the detected radar altimeter signal from satellite 
altitudes of 600 and 850 nautical miles. This figure shows the altitude depen- 
dence of the receiver signal amplitude, VR, using a square law detector. 
Note that this signal is proportional to the received power, pR. Figure A-4 
shows the characteristic radar altimeter return when an envelope detector is 
used. This signal is proportional to the square root of the received power. 
Note that amplitude change as a function of altitude is not as great as for 
square law detection. 

Also observe that if a simple, fixed threshold detector is used to stop an 
altitude counter there would be an altitude e r ror  generated as a function of 
altitude, but that this error  would be less for the envelope detected signal 
than for the square law detected sign& 

2. Spherical, Lambertian Scattering Ocean from Satellite Altitudes 

The ocean surface is not flat but spherical. Figure A-5 shows the radar 
geometry for a satellite borne altimeter operating over the earth's oceans, 
Also shown on Figure A-5 are the equations for radar area build up as a 
function of time over a spherical ocean surface. Note that the primary effect 
of the spherical ocean surface is to reduce the radar area by the amount 

1 
l + h  
r e 

where h is satellite altitude and re is the radius of the earth. Figures A-6 
and A-7 show this effect for both square law and envelope detected radar re- 
turns, Of particular interest is the fact that the shape of the returns is no 
different from that obtained over a flat ocean. 

Figures A-8 and A-9 indicate that by using an automatic gain control the 
effects of altitude on the return signal are eliniiiiated such that a simple thres- 
hold detector would not develop any altitude dependent error  
two preferred modes of receiver operation: 

This then gives 
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(1) Square law detection with AGC on the return. 

(2) Envelope detection with AGC on the return, 

3. Effect of Ocean Waves on Pulse Radar Altimeter Returns 

The earth's oceans, beside being a spherical surface, also have signifi- 
cantly different wave heights, H J / ~ ~  depending on the past history and geom- 
etry of the wind fields over the particular stretch of ocean observed. 

Figure A-10 illustrates the case of real ocean as a radar scattering 
cross-section generator, It indicates that the real. ocean surface consists of 
many reflectors of different sizes at different heights above and below m a n  
sea level, each pointing in a different direction, 

Figure A - l l  relates the probability density distribution of reflecting 
ocean area, above and below the mean sea level value? to the significant wave 
height  HI/^^ of oceans. 

ing area will be encountered at any surface on the ocean, 
From the work of Schooley' it is clear that effective radar backscatter- 

Thus, the convolution of the probability distribution of surface Figure 
A - l l  onto the radar signal return from a flat surface Figure A-8 will show 
the effect of ocean waves on pulsed radar altimeter returns, 

6 Bierson has recently derived this  convolution integral and solved it for 
the effect of seas with significant wave heights, from H1/3 = 2 meters to 
H1/3 = 20 meters, on a 50 nanosecond altimeter pulse, This is considered 
a sufficient range of sea states, since the highest waves ever recorded had 
a significant wave height of H1/3 = 18,s meters, 

as Pierson's convolution integral using a numerical integration approach, 
Using this numerical integration approach, the effect of the largest sea state 
ever measured on pulses of 10 nanoseconds, 50 nanoseconds (coincides with 
Pierson's results) and 200 nanoseconds was determined, The resultant 
effect upon these pulses is shown in Figure A-12. 

In the process of this study Godbey arrived at exactly the same results 

Since the rounding effect of sea state on the radar altimeter return is 
smaller for longer t,ransmitted pulse widths, T, a sufficiently long pulse is 
necessary to avoid tracking wave tops, Using threshold tracking, a pulse 
length of 50 nanoseconds appears acceptable. 
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RADAR POWER RETURN FROM A FLAT, LANBERTIAN SCATTERING OCEAN 

FIGURE A-I  
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A ( t ' )  = o ; t'< 0 where t '  = t - - 2h 
C 

A ( t ' )  = 

A ( t ' )  = 7T [R(nT)2 - R[(n-l)T]2] = acTh(l+ +) 2n 1 cT ; T < t ' < n T  

R ( t ' ) 2  =a[ (h+%')2-h2] = a  c t 'h (1  f G');  o L t ' < T  
2 4h 

GEOMETRY OF RADAR TARGET AREA, A(t), BUILD UP AS A 
FUNCTION OF TIME, t, FROM RADAR TRAMSMISSION 

FIOURE A-2 
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ILLUSTRATION OF REAL OCEAN AS A RADAR SCATTERING 
CROSS SECTION GENERATOR 

FIGURE A-10 
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APPENDIX B 
THEOCEANRADARRETURNNOISECHARACTERAND 

SIGNAL PROCESSING 

1. Noise Character o€ Radar Return from Qcean 

The noise character of the radar return from the ocean is a consequence 
of the fact that the envelope of the received voltage waveform will have a 
Rayleigh probability density function as described in Section 5,1. The state- 
ment of statistical stability due to the very large number of scattering ele- 
ments comprising each part of the ocean means that the Rayleigh proba- 
bility density distribution and no other probability density distribution will 
be observed. 

The return from ocean of a transmitted square pulse can be represented 
as: 

V(tt) = 0;  t '< 0 

N 
P 

03- 1) P V(t') = 2 (% cos wct + bk sin wet) O ( t t <  T 
k t= l  

V(t') represents the ocean return pulse signal; an increasing function of 
time. ak and bk are normally distributed constants with a mean of zero and 
a variance of one. wc = transmitted carrier radial frequency. The linear 
detected envelope of this signal is: 

Which is a Rayleigh noise distribution whose mean value is: 

With variance about the mean of: 
S~(X) = (4-7~) t' €j2/2 03-4) 
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The signal to standard deviation ratio of the detected envelope is: 

At this point in the analysis the fact that the signal is Rayleigh distributed 
must be considered. That is, the signal cannot be treated as a classical radar 
signal since signal to noise statistics for each case differs. 

Figure B-1 shows the probability density functions of noise and signal 
plus noise for envelope detection in the ordinary radar case, The classical 
radar problem is to select the detection threshold with respect to the receiver 
noise level, 6n, to minimize the false alarm probability and maximize the 
target detection probability. In the radar problem a signal to noise ratio of 
14 db is considered sufficient for accurate range tracking while the tracking 
error due to receiver noise is considered negligible when signal to noise is 
greater than about 20 db. 

The expected signal and noise statistics for the altimeter problem is 
shown in Figure B-2, In the altimeter problem, during the rise time of the 
return signal, the probability density function of the signal plus noise increases 
linearly from just receiver noise to noise with 20 db more power, Thus if a 
threshold is chosen high enough to reduce false alarm probability to a negli- 
gible amount, for example 4Gn, then even when the ocean return plus noise 
power reaches 20 db above the receiver noise, there is only an 85% proba- 
bility that the return is detected, 

Square law detection is one method investigated for use in the altimeter 
The probability density functions of square law detected receiver receiver 

noise and sea return plus noise are: 

and 

for sea return plus noise 
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where 6 = Standard deviation of receiver noise n 
6 = Standard deviation of ocean return S 

2. Pre-Detection Filtering, Detection and Post-Detection 
Filtering of Radar Sea Return Noise 

The characteristics of an IF Amplifier which affect the noise statistics 
of radar altimeter returns a r e  bandwidth and saturation or limiting. The IF 
bandwidth acts as a pre-detection filter to decrease the probability of very 
large signal excursions, IF saturation further reduces the probability of 
large signals. 

The simple diode detector characteristic which affects the noise statis- 
tics of radar altimeter returns is the breakdown threshold. The breakdown 
threshold acts as a lower limiter and specifically can be biased so that de- 
tection does not occur until radar signal plus receiver noise exceeds a sel- 
ected value. This condition results in non-linear envelope detection, or non- 
linear square law detection and greatly decreases the probability of a de- 
tected signal output due to receiver noise only, 

Post detection filtering consisting of a simple resistor and capacitor 
integrator can greatly reduce the noise envelope of the radar altimeter detec- 
tor return. As a result the signal out of the post detection filter is made to 
more nearly approximate the signal plus noise probability distribution obtain- 
ed with targeting radar. The penalties paid for using post detection filtering 
are the introduction of an additional time delay element (on the order of 400 
nanoseconds) and creation of a longer rise time on the leading edge of the 
return. Figures I)-6 and D-5' show this series of processes applied with non- 
linear envelope detection, Figures D-8 and D-9 show the time dispersion of 
detected signals after post detection filtering. 

Analysis of this sign.al detection. dispersion shows that the average delay 
time of the detected signal is about 370 nanoseconds after top an.d the stand- 
a rd  deviation of the delay time is &O nanoseconds for a radar return to re- 
ceiver noise level of 10 db. 

Hence if only threshdd detection is used for altitude ranging and the 
altitude measurements a re  averaged over one second, the resulting altitude 
value would,have a residual sea return n.oise e r ror  of about *lo 2 meters RMS 
for a radar pulse repetition rate of l o O D  
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By using less post detection filtering, the average delay time can be 
improved to a limit of about 130 nanoseconds after to with a standard devia- 
tion of h20 nanoseconds. Thus it is experimentally determined that with 
about 20 db signal to noise ratio, one simple, easy to implement, altitude 
detection circuit is adequate to achieve a one m e k r  standard deviation 
satellite altimeter, 

The experiment also shows t.hat the signal ou.; of the detector crosses 
the same signal detection threshold earlier in every case than it does with 
post-detection filtering. Thus we need n0t fear that signal threshold detec- 
tion without post-detection filtering would give a condition of no-detection so  
long as the detection gate is i ~ t  least 400 nanoseconds long. 
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APPENDIX C 
PROPAGATION ERRORS 

Mr. Gordon Thayer of the National Bureau. of Standards13 has studied 
and measured atmospheric propagation errors for radars at all elevation 
angles, Tests have been conducted all over the world, at all times of the 
year. The result of this work is a complete set of equations for the cor- 
rection of propagation range e r ror  through the total atmosphere which take 
into account both geographical location and the day of the year. 

For a satellited altimeter in the X to Xu band range, propagation on a 
vertical path through the erktire atmospheric results in a mean altitude error 
of about +4.5 meters. Using the National Bureau of Standards equations to 
correct for atmospheric propagation range delay results in a residual stan- 
dard er ror  of less than 0.1 meters. 

It is recommended that these equations be employed for the correction 
of satellite altimetry data because their demonstrated accuracy makes i: 
unnecessary to condu.ct atmospheric refraction measurements. 



APPENDIX D 
SEA RETURN PULSE SIMULATOR 

A Sea Return Pulse Simulator test set was constructed, using material 
and equipment available within the General Electric Company, to permit a 
practical evaluation of typical receiver components and detectors. The 
block diagram of the Sea Return Pulse Simulator, Figure D-1, shows how a 
sinewave or noise pulse is generated and then detected using linear, peak, 
or square law detection. The Rayleigh envelope and characteristic rise 
time of the return pulse from the sea are produced by a pulsed narr0wbar.d 
Gaussian process. The first order effects of various receiver structures 
were studied using this design tool. Primarily, the performance charac- 
teristics of detectors, AGC? IF, and low pass filters, integrators and 
threshold circuits with different detector configurations were investigated 
and measured asing the simulator to provide an input signal. The following 
nomenclature is used in discussing the results: 

N - Ocean Return Signal 
0 

N - Receiver Noise r 

S - Sine Wave Signal 

A series of tests were performed with differed configurations using 
several different ocean noise to receiver noise ratios and. sinewave signal 
to noise ratios. 

A most important result was obtained from these Sea Return Pulse 
Simulator tests, Analysis of threshold detection crossing times obtained 
from photographs ~f linear detection of simulated radar altimeter ocean 
returns indicate that at No/Nr ratios in excess of 10 db a threshold detector 
would give one sigma altitude accuracies on the order of one meter. 

Phoiographs of the key test results are givenin Figures D-2 through D-12 of 
linear detection, linear detection with integration and square law detection. 
Figure D2 shows the output of an unbiased linear detector with two super- 
imposed signals; the first an ocean rehrn with No/Nr = 20 db and the second 
a sine wave signal of the same RMS value. The dc level poduced by the 
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sine wave signal is greater than the mean value of the ocean return signal, 
consequently the leading edge of the sine wave signal is not the mean of the 
ocean return leading edge. This would net be true i f  AGC were used to 
maintain the pulse top at  the ocean return mean value, as is shown in 
Figure D-5. 

In FigureD-5, the lower photo shows the leading edges of 50 Linearly 
Detected Pulses with sine wave modulation. The sine wave signal to re- 
ceiver noise ratio of 16 db produces a probability spread of leading edge 
threshold detection times, At a threshold level of 0 , l  volts correspotding 
to one third the mean peak voltage maintained by the L4GC, the mean thrcs- 
hold detection time is centered at about +35 n sec from the start  of the patlse 
with a spread from +20 n sec to +55 n sec., The standard deviation of detec- 
tion time calcul.ated €or a Gaussian like distribution is then approximately 
6 n sec. The residual standard deviation after averaging one hundred 
measurements would be approximately 0, 6 n sec which translates to an 
altitude standard deviation of approximately 0 , l  meters. These results 
are representative of the expected return from a clean radar target. The 
returns produced by the ocean on the other hand, a r e  more nearly repre- 
sented by the upper photo of FigureD-5 which has the same mean value as 
the sine wave signal. The 20 db value of No/Nr9 4 db better than the sine 
wave signal to noise ratio, is much noisier in voltage excursion and thres- 
hold crossing time dispersion. Each Df the fifty individual pulses can be 
seen in the photo, A photo analysis of the initial detection time for a leading 
edge threshold set  a.t 0, 1 volts yields a mean of about +65 n sec with a 
spread from +10 to +130 n sec. The associated standard deviation is then 
about 25 to 30 n sec and the  residwl standard deviation after averaging one 
hundred measurements is about % 5 to 3 n sec or 0.38 to 0.45 meters in 
terms of altitude. The principal effect of the noisy ocean return is to in- 
crease threshold detection noise statistics as just shown and as evidenced 
in the photograph of Figure D-5* 

Figure D-3 showsthe unbiased linear detector output resulting from six 
input pulses withNo/’Nr = 20 db, The wave form of each of the six output 
pulses can be identified in the hotograph. Figure D-4 is the outpui of a 

impossible to use a leading edge threshold technique because of the uncer- 
tainty in the position of the detected pulse. This situation is improved by 
biasing the detector, as is shown in Figures D-5 af~d-D-6 €or oceanreturns of 
No/Nr = 20 db, No/Nr = 10 db and a sine wave signal with S/N, = 16 db, 
with an AGC to maintain the same average pulse top value. 

linear unbiased detector at; No, P Nr = 10 db and under this condition it appears 
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An integrator can be used to reduce the magnitude of the pulse ampli- 
h d e  variation and produce a waveform more acceptable to the threshold 
circuit, Figure D-? shows the output for an input sine wave signal with a 
16 db signal to noise ratio and a n  ocean return of No/Nr = 10 db, 

Analysis of the time statistics of the ocean return signal of Figure D-7’ 
gives an average crossing time at the Oa 1 Volt threshold of about +370 n sec 
after the start of the pulse, with a spread from approximately +120 n sec to 
+620 n sec, For Gaussian statistics, with a standard deviation of about 
80 n sec,  the residual standard deviation after averaging one hundred mea- 
surements would be about 8 n sec or l. 2 meters in altitude. Note that the 
i n t e v d e d  sine wave signal of Figure D-’7 has about the same average 
crossing time at  the Oo 1 Volt threshold as with the noisy ocean relurn. The 
integration time constant used was on the order of 800 n sec, An initial 
analysis indicates that an optimum integra4 fori time constant somewhere 
between 100 and 1000 n sec wi l l  yield the best tradeoff between the detection 
time statistics of a threshold tracking system and control of the additional 
delay time introduced by the integration time constant, 

The output of a threshold circuit after detection and integration of the 
input signal, is shown in Figures D-8 md D-9 €or No to Nr ratios of IO and 
20 db and for a sine wave signal to noise ratio of 1 6  db with AGC. The 
peak-to-peak time variation for 50 pulses is 400, 200 and 40 n sec respec- 
tively, It should be noted in Figure D-8 thdt when AGC is used, the mean 
value of the ocean return leading edge appears at the same time as the sine 
wave signal. 

The output of a square law deiecror, with a receiver AGC is shown in 
Figcres D-10 through D-- 12 for No to PJr ratios of 10 20 and 30 db. The increased 
v a h ,  of receiver noise corresponding to  lower NO to N r  ratios can be seen 
on the oscilloscope trace before the first pulse appears, The photos indicate 
that the square law detector used has a iendency toward the fast rise time, 
slow fall time action of the pulse detector. This property changes the 
statistical behavior of the square law detection from the theoretical, The 
result is a tendency to produce a monotonically increasing signal probability 
limit rapid voltage excursions from high to low, and if enhanced arid used in 
conjunction with IF amplifier high voltage limiting should give an engineering 
method of affecting a significant decrease in the noise content obtained in 
each gate of the square law detection Ewly/Gate Gdte Tracking servo des- 
cribed in Appendix E. 

Similar techniques can be used to improve noise statistics and iniprove 
the tracking accuracy of the envelope detect ion, Early/Late Gate Tracking 
servo also described in A,ppendix E, 
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APPENDIX E 
EARLY/LATE GATE TRACKING 

1. Early/Late Gate Tracking of Square Law Detected Sea Returns 

When one exa.mines Figure E-1, which shows the cliaracteristic return. if 
square law detection is used, and the effect of sea state on the characteristic 
return, it becomes evident that an early gate starting at t = to and ending at 
t = to -t- Tp will on the average contain one half as much energy as the average 
energy in a late gate starting at t .I t., i- 2Tp an.d ending at t :: to + 3Tpo The 
reason for positioning the late gate at to + 2Tp is to  preclude the possibility 
of sea state affecting the average energy in. the late gate, 

Square law detection of the return gives more noise per return than en- 
velope detection since in square law detection. the signal standard deviation is 
equal to the signal expected value, Vag,, while in envelope detection the signal 
standard deviation is equal to 52.3% of the signal expected value, Vagc. 

2, Control Function for Early/Late Gate Tracking of Square Law 
Detected Sea Returns 

The relative positions of t'ie early atid late gates are fixed. Each gate 
has a width of Tg seconds and there is a separation. between the gates of Tg 
seconds. When correctly positioned on the square law detected returns the 
expected value of the integral of voltage in the early date is (Va T )/2 and 
the expectlzd value of the int,egral o€ voltage in the late gate is $ 5  agc g. - 

The control function of Figure E42 is generated if one half the integral 
voltage in the late gate is subtracted from the integral. voltage in the early gate 
and then the early gates leading edge position is shifted from to - 4Tg to to + 
4Tg. Antenna beamwidth limiting will cause the return to go to zero some 
microseconds after +;o so that the control function, wi l l  go from positive to zero 
and remain there when displaced pas% the beam limitirag time, 

Note in Figure E-2 that the effect of sea state on the control funct;on is to  
decrease slightly the gain (io e, the slope of the wave) at to position. A large 
change of gain would make implementztion of the tracking SCXVQ difficult, but 
the gain change evidenced is too small ka cause concern in that respect, This 



servo should track at mean sea level even with the highest sea states ex- 
pected, but at these high sea states there is a slightly greater e r ror  contri- 
bution than with very small sea states. 

3. Expected Square Law Detection Tracking Error 

The use of Early/Late Gate tracking on a square law detected return is 
attractive in a high pulse repetition frequency (i. e, ambiguous range) radar 
system, Specifically with a PRF of about 5000 per second the time to acquire 
the return signal is less than five seconds. The time constant of the tracking 
loop can be set to average about 100 returns for both acquisition and tracking 
contr ole 

With this time constant the RMS er ror  voltage after filtering per gate will 
be : 

T = T  
g P  

The RMS time error caused by this RMS voltage error  will be: 

VRMS -- d-26 
= f  

GCF tRMS 
6 

where 

(E-1) 

(E-2) 

GcF = Control function gain at zero e r ror  posltion 

The control function gain at and n.ear zero error  position is: 

03-3) 
= v  - (volt seconds) 

GCF agc (seconds) 
Substituting values into equation (E-2) from equations (E-1) and (E-3) gives 
the RMS time er ror  of the tracking loop as: 

-- -- --- *P = 0.0707 T (seconds) 
tRMS .\I'zI limo P 
6 
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At a PRF of 5000, where 50 altitude time counts are averaged to give an 
output altitude time once every second, there is a further reduction of the  
time error so that: 

6 

P 
6 *  tRMS = 0,OIT tRMS 

With a pulse width, T of 100 nanoseconds the RMS time error  due to 
tracked return noise woul f be 152 meters, 

4. Early/Late Gate Tracking of Envelope Detected 
Sea Return 

The characteristic return when envelope detection is used and the effect 
of sea state on the characteristic return is shown in Figure E-3. The char- 
acteristic return itself is not sxymmetrical about Tp/2. Also note that the 
effect of a larger sea state is to prodilzr! a considerable signal preceeding 
t = too It is apparent that sea state will  cause Early/Late Gate tracking of 
envelope detected returns to be biased toward the wave tops, That is the 
position of thz zero crossing of the control curve will move in the minus t 
direction. The actual zero shift of the control curve depends on the ratio 
of the transmitted pulse length, Tp, to the sea state characteristic wave 
height H1/3 

When the transmiited pulse width is chosen to be 50 nanoseconds, Fig- 
ure E-4 shows the control function for an Early/Late Gate tracker in which the 
gate durations and relative posjtions a re  the same as those for the square 
law detector described in Figure E-1, Figure E-5 shows in finer detail the 
effect of sea state on the zero crossing of this control function. 

Note that for a sea state with significant wave heights of 18.5 meters, 
the time shift of the control function zero crossing is approximately 12 nano- 
seconds which translates to an altitude bias e r ror  of about 2 meters. 

5. Expected Envelope Detection Tracking Error 

If the time constant of the tracking loop is set to average 100 returns for 
both acquisition and tracking control, the expected value of the integral of 
voltage in the early gate is (2/3)Vagc Tp3 The control fmctiort 1s established 
by subtracting 2/3 the btegra.1 of voltage obtained in the late gate, 
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The RMS er ror  voltage per gate will be: 

The RMS time er ror  cxdsed by this error  per gate will be: 

where 

GcF = Control function gain at zero error  position 

The control function gain at, and near, zero e r ror  position is: 

) 
- volt seconds 

GCF - 'age ( second 

03-71 

(E-8) 

Substituting values into equation (E-7) gives the RMS time e r ro r  of the tracking 
loop as: 

= 0.04951' 
tRMS P 

6 (E - 9) 

At 5000 PRF, 50 altitude time counts are averaged to give an output altitude 
time once every second. This gives a further reduction of time error to a 
value of: 

4 *  - - ' tRMs = 0.007Tp m tRMS (E-10) 

With a pulse width, Tp, of 100 nanoseconds the RMS time er ror  would be 
rt0.7 nanoseconds which translates to an RMS altitude error  of 0.107 meters. 

6, Gated Envelope Detection Sea State Measurement 

Examination of Figure E-3 shows that the return espected before to is a 
function of wave height, H1/3. This suggests the possibility that a gate, IT, 
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seconds long immediately preceeding the early gate will have a volt-time 
integral content which i s  a function of wave height. Figure E-6 shows approxi- 
mately the amount of energy in the sea state gain obtained as a function of 
significant wave height, Hl/3 using a transmitted pulse length, Tp, of 50 
nano s e c onds 

The combined effect of increasing the pulse length to 100 nanoseconds a id  
maintaining the level of Vagc i s  to reduce this curve by 1/2, and also to re- 
duce the sea state bias error  of Figure E-5 by 1/2, 

The expected accuracy of estimation of sea state significant height using 
this sea state gain approach is arrived at by the same process used in araaly- 
zing the eariy-late gate tracking accuracy, 

Assume a PRF of 5000 and an averagmg time constant for the sea state 
gate of one second. Then the error on a sea state measurement will  be:: 

4- 7r  

.- Oo0O’l4 Vss - J 7r-- vss - __I__---- 

rn vss (E-11) 

That is we could expect to measure the sea state voltage to an RMS 
accuracy of approximately *I% due to return noise alone if the sea state gate 
stayed perfectly positioned during the total time, 

Gate positions, however, are  constantly moving with respect to the per- 
fect position, t,, and would generate dc e r ro r s  equivalent to  abmt 1 meter 
sigificant wave height9 with an RMS jitter of about one meter significant waye 
height ., 

Thus measurement of significant wave heights less than about 2 meters 
is not to be expected, but measurement of wave heights from 5 to 20 meters 
to an accuracy of -+I meter RMS looks feasible using a sea state gate, 

The sea state altitude bias error  shown in Figure E-5 can be corrected to 
less than one meter using this sea state measurement. 
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APPENDIX F 
METE.OROLOGICAL ECHOES AND ATTENUATION 

An analysis of the meteorological effects on the signal propagation show 
that weather echoes can be handled in the X-Band to Ku-Band range, but the 
rainfall attenuation effects make the X-Band frequency preferable, 

1. Meteorological Echoes and Attenuation 

Antenna size and transmitter availability considerations lead to a choice 
of frequency in the 8 to 16 GHz range, Since the backscatter cross  sectioas 
of rain and clouds become significant at these short wavelengths, an analysis 
of the expected returns is necessary to determine the weather echoes, 

To accomplish the analysis the following assumptions are made: 

1. 

2, 

3. 

4, 

5. 

6. 

The satellite altitude is 6 x IO5 meters. 

The altitude of rain storms is IO3 meters. 

2 Heavy storm centers have a radius of 5 x 10 meters. 
3 The thickness of rain storms or clouds is 18 meters, 

The antenna beamwidth does not limit the return (A 6" x 6" 
antenna would limit the return for cloud thickness greater than 
103 meters.) 

The cross section per unit area (6,) of the ocean is 3 db (worst 
case) 

First the range cells for the ocean surface and rain storms wil l  be com- 
puted. The backscatter cross section of the rain is estimated from Figure 
12.10, Reference 1. The backscatter cross section for clouds and fog is much 
less than that of moderate rain, hence echoes from them will only be computed 
if the echoes from moderate rain are significant. 



2. Range Resolution Cells 

The geometry of the ocean return is shown in Figure F-1. The maximum 
pulse width under consideration is 100 nanoseconds, Consequently, a a range 
of 6 x lo5 meters, the radius of the resolution cell is less than 5 x 10 meters, s 

For the geometry under consideration, the average received power rises 
to the following value in T seconds after the first returned energy is received. P 

2 2  P T G  x c T  6 - P O  

4(4n) R 2 3  'R - 

where 

= Transmitted power pT 
G = Antenna gain 

= Wavelength 
R = Altitude or one way range 
c = Spwd of light 
T = Pulse width 
6 = Radar cross section per unit area 

P 
0 

The geometry of the 1 rge storm or cloud return is given in Figure F-2. 
From an altitude of 6 x 10 8 meters, the volume is approximated by a pill box 
3f thickness c Tp/2, The radius of the pill box for the heavy storm center 
is given by the radius of the storm center itself. In the case of large moder- 
ate storms, the radius is calculated from knowledge of the thickness (D) of 
the storm., In either case, the volume of the resolution cell VM is: 

c T  
= 7 r R 0  2 2  - P 

VM 2 

where 0 is specified in Figures F-2 and F-3. The target cross section for 
storms is then given by 

c T  
6 = 0' - 2. Gi 

2 1 

where C i 6 i is the cross section per unit volume and is plotted as a function 
of wavelength and rainfall rate in Figure 12.10 of Reference 1. 
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3 ,  Storm Echoes 

The echo received from a rain storm can be determined by substituting 
equation (F-3) in the range equation (F-1): 

2 2  P T G  X 6 

a - T  8(4n) R 
- 

'R - 

This gives 

Since the ratio of the cxean echo to the storm is of interest, it is con- 
venient to take the ratio of equations (F-I.) and (F-5). 

0 
26  

- 
2 

.- -- pR 

'R(STORM) k R  8 C i G i  

5 where 6, is assumed to be 3 db, R is 6 x 10 meters and k accounts for the 
rain attenuation of the ocean return, The value for t e backscatter cross 
section in Figure 12,10, Reference 1, is given in cm /m3 by dividing by IO4 
or subtracting 40 db, Performing this scaling and converting equation (F-6) 
to decibel form gives the signal to  storm echo ratio 

9 

-12 + (-20) log e - 10 log S - 10 log k (F-7) pR 
'R(STORM) 

where 5 is the value from Figure 12, IQ, Reference 1. The rain attenuation 
factor is obtained from Figure 115.4, Reference 2. For a large storm with 
a moderate rainfall rate (5mm/hr.), 8 is approximately 0.05 radians and S 
is IOm2, The signal to storm echo ratio is 

--- - - -12 +26 -1-20 a- 1 33 db 
%(STORM) 

pR 

for x approximately'equal to 2 cm. 

504) meters, the signal to  storm echo ratio is 
Likewise, for a heavy rainfall rate (2Ornm/hr.) and a storm radius of 
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= -12 + 62 + 0 - 3 = +47 db (F-9) 
pR 

'R (STORM) 

Note that the ratios computed in equations (F-8) and (F-9) were based ctn 
a 2 cm wavelength of 15 GHz signal. The graph of Figure '2.10 Reference 1 
indicates that a significant improvement can be achieved by using X-Band, 
however, the ratios computed a re  sufficiently high for reliable operation uncier 
the assumed conditions. 

4. Cloud Echoes 

Since cloud echoes are much smaller than rain echoes (typically one- 
millionth), it is not necessary to compute their intensity for the altimeter 
application. 

5 ,  Rain Attenuation 

The rain attenuation factor was introduced in the storm echo analysis. 
From Figure 15.4 of Reference 2 ,  the attenuation in heavy rain (lbmm/hr.) 
is 3 db per mile for a 2 crn wave and 1 db per mile for a 3 cm wave (wferred 
to the two way range), For this reason, the X-Band frequency is definitely 
preferred over the Ku-Band frequency, 

6. Attenuation Due t c  Oxygen and Water Vapor 

To evaluate the atmospheric attenuation of a signal transmitted from a 
spacecraft to earth due to natural oxygen and water vapor, the results of 
Figure 1, Reference 3 can be used, These results indicate that the two way 
attenuation is 0 , 2  db at 9 GHz and 0,4 db at 15 GHz. 
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