














- for signal levels in the linear zone the noise is given
by the quantization interval, i.e. the number of bits
in the digital representation of the signal.

Operating in the linear zone and assuming a linear quanti-
zaion scheme, reference [11] and [12] show that the estimated
autocorrelation function is biased due to the quantization
noise. Ref.[12] gives the bias error (approximation):
= iligi(l-otr))

q

2
e L e (3.2)

which holds for Gaussian input with variance ¢ and normalized
autocorrelation function p(1), q is the gquantization interval.
Clipping effects of the signal are not considered. Assuming
the quantization region is limited to #A, the quantization
interval can be written as:

o EA . A-Z_m+l
oM

m: no. of bits for the
digital representation
of the signal.

For power estimation the bias term is:
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In table III.1 the error term is computed for m = 6,....,9
for the case A/o = 3.

m 6 74 8 9
4 4

al>

=31 7.32:10" 3.58-10"2 | 1.04°26™2

1.83-10"

Table III.l. Biased error due to guantization for a
multikit autocorrelator.



The table gives that for A/c = 3 the quantization error is
negligible compared with the desired statistical accuracy of
the estimate (v 1%). Assuming that the SNR » 1 at the receiver
input and for the altitude range the o decreases with a factor
of 10, then for A/o = 30 the values in the table have to be
multiplied by 10°. This illustrates the importance of having

as many bits as other considerations permit in case the dynamic
range of the input signal is large.

In a multibit correlator the shiftregister-chain is word-
organized and the hardware multipliers must perform a signed
m x m bit product, the result being 2 m bits.

3.2. ONE-BIT (POLARITY COINCIDENCE) CORRELATORS

With this type of correlator the computations are based only
on the sign of the sampled amplitudes, the guantization functions
being:

g; {x) = g2 (x) = sgn(x) (3+5)

+1 for x>0
sgn(x) =/ 0 for x=0
-1 for %<0

Assuming a Gaussian input and applying Price's theorem,
ref. [13], the autocorrelation function estimated is

2
m

E[ﬁ(x}] = £ arc sin p(t) (3.6)

g(t): normalized input
autocorrelation
function.

Eq. 3.6 shows that the power information of the input signal is
lost. In reference [14] +the normalized statistical error is
computed for p(T)<< 1:

5_%'W"W (37)



The effect of hard-limiting the input signal causes the spectrum
to broaden, (ref.[15]) which implies that a gain of information
is obtained by oversampling. Assuming the sampling rate is set

to two times the Nyquist rate, the error is reduced to [14]:

N e

T NN OVERSAMPLING (3:.8)

The major advantage with the one~bit correlator is the simplified
hardware construction. A shiftregister-chain of one bit is
required, and the multipliers are not necessary. The accumu-
lators can be realized by up/down binary counters. With this
type of correlation high~speed correlators can be realized,

the speed 1limitation is only determined by the maximum
clock-rate of the counters.

3.3. HYBRID CORRELATORS

With this scheme only the sign bit is transferred to the shift-
register,

g; (x) = sgn(x)
gz (x): multibit sample

The autocorrelation function eéstimated is (Gaussian input is
assumed) (ref. [14]):

E[ﬁ(r)]:v/%-cp(r) (3.9)

which means that power information is maintained@. Quantization
effects on the multibit sample are neglected. The statistical
error 1is for p(t) <<1:

-~ = lu25
R - VN
(3.10)
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For the hybrid scheme no multipliers are necessary and the
accumulators must have an add/subtract-control determined
by the delayed sign-bit. The speed limitation for this type

of correlator is given by the necessary add-time for the accu-
mulators.

3.4. N x M-BIT CORRELATORS

In reference [16] several nxm-bit correlators are considered
with the number of bits m,n relatively small.

MULTIBIT BY TWCO-BIT:

Assuming a quantizer transfer-function for the delayed samples:

g (z;)

Figure 3.2. Transfer-function for 2 bits.

The autocorrelation function for Gaussian input is:

VO;
- : v o
E[R] =/ Z0p (1) [1+(n~1)e % ] (3.11)
v

and the statistical error for p(1) << 1 and 59 =1.0,n = 4 isr

2 1. 07
"R T TYNY
(3.12)
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The correlator is sensitive to input signal level, assuming

g << Vb the performance is given by the hybrid correlator.

When 2 bit representation is used the multipliers can be rea-

lized by simple logic (shift-operations on the multibit sample).

MULTIBIT BY THREE-LEVEL:

The shift-operations on the multibit sample can be simplified
by applying the transfer-function:

g, (z;)

Figure 3.3. Three level quantization.

In this case:

- = BT
E[R] =/'; op(t)e L (3.13)

<

and for the error provided p(t1)<< 1 and 39 = (0.6:

o= = J=lid
R VN
(3.14)
Y S 1-06
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The hardware complexity with this scheme is the same as for the
hybrid correlator with additional logic functions for the
non-operation of the accumulators when the delayed sample is
Zero.



As given,

and the zero lag value
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In reference [16] integration

digital correlators are derived.

linearly

ST

these types of correlators with the delayed samples

coarse-gquantized to input signal level (o?),

with wvariations

times for different types of
In table III.2

relative

integration times are given in order to obtain the same

statistical accuracv as for the multibit scheme.

The numbers

are valid provided Gaussian input and p(t) << 1.

Multibit

Multibit by
two-bit

Multibit by
three-level

two=bit by
two=bit

Multibit by
one-bit

one-bit

Table

Relative inte-
graticn time

different types of

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
: : . ;
1
_.l-o
S~ (- |
»l.14
B A5
> $+23
i iy Led 2
o129
e i e A A
s e 57
_______ o 132
» 2.46
______________ i L o82
———————» : sampling at Nyguist rate
—— — —® : sampling at 2 times the
Nygquist rate.
ITI.2. Comparison of integration times for

digital correlators.



58.

3.6. REAL-TIME CORRELATION PERFORMED BY "SOFTWARE", REQUIREMENTS

In order to determine the requirement for the cvcle-time in
a CPU-orientated system the followina assumptions have been

made :

The system has a two-ported buffer-memory system which enables
simultancously loading of sampled data and reading samples to
the CPU for computation. Two types of experiments are considered.

(a) A single-pulse experiment operating with 8 different fre-
quencies. The repetition rate of the transmitted signal
is 16.67 msec. Total number of rangegates in an inter-
pulse period : 50. =Ezch rangegate consists of 25 complex
samples. The rangegates are overlapped.

(B) A multiple-pulse exveriment (7 pulse group) operating
with 8 different frequencies. The repetition rate: 10 msec.
Total number of rangegates : 256.

Experiment a:

Arithmetic algorithms to be performed ( M <-> denotes memory
location in resultmemory) :

24-4

real part M<e,r,1> = ) (X Xy o + ¥,¥,,0) + M<h,x,1>
i=0
24-2

imaginary part M<%,r,2> = ) (R q¥s = X ¥ 0) + MEL,r,2>
i=0

1:0'1'...]24
r=1,2,...,50

%,y samples in rangegate r

The same algorithm is to be performed for all 8 frequency
channels. For each lag-channel (real-and-imaginary separate)
and complex sample-product, the number of operations is:



%3]
ie)
|

2 multiplications

1 addition/subtraction

2 additions to previous content in memory
(overlapped rangegates).

Assuming 49 separate lag—-channels (imaginary part of zero lay
not computed) the total number of operations for 25 complex
samples is:

2558 # 278 (29%23+, .cw¥l) = 3125

Half of the first and last rangegate are not overlapped. Total
for the interpulse period:

3125+24 + 2500 = 77500

Additional 4900 operations for the I/o-transfer to the memory

are required. The requirement for 8 channel processing in
16.67 msec is:

659200 operations

Assuming a serial operating scheme for the system, the cycle-
time is:

25.3  nsec.

In the calculations time for generating the necessary addresses
to the memory is not included.

Experiment 8#:

A 7 pulse group gives 21 complex lags to be computed. Assuming
single products generate the estimates, the number of oper-

ations pr. rangegate is 168. For 256 gates and 8 freaquencies
in 10 msec, the requirement is:

430080 operations
and the cycle-time:

23+3 nsen.
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The computed values show that a digital device operated in
serial scheme is not realistic. Using a high-speed, bipolar
micro-processor (cycle-time 300 nsec), a distributed pro-
cessor - (16-20 processors) system is necessary. However,
hardware multipliers have to be implemented and considerable
efforts on software-, hardware-, multiport and distributed

memory-systems (program and data storage) and interface-problems
have to be solved.
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DATA-BOOKS USED FOR HARDWARE DESIGN:

- The TTL data-bonk for design engineers
TEXAS INSTRUMENTS, 1973

- Supplement to the TTL data-book
TEXAS INSTRUMENTS, 1974

- The linear and interface circuits data-book

TEXAS INSTRUMENTS, 1974
- SIGNETICS data-book, 1974
- INTEL DATA CATALOG, 1975

- M6800 microcomputer, system design data
MOTOROLA, 1976

- TTL data-book, supplement no. 1 (Schottky),
FAIRCHILD, 1973

- data-sheet for K1100A(crystal clock oscillator)
MOTOROLA, 1975

- data-sheet for SEMI 1802 (1024xl-bit NMOS RAM),
EMM, 1975



APPENDIX A 64.

MONOSTATIC INCOHERENT SCATTER OBSERVATIONS. THE IONOSPHERE
AS A DISTRIBUTED, FLUCTUATIC RADAR TARGET.

In this section a one—-dimensional model ©nr the scatterinaq

is derived, i.e. the scattering volume is given in terms of
altitude resolution Ah. The radar-equation is not taken into
account and a plane wave notation is used for expressing the
propagation &as a function of altitude.

The pre-envelope of the transmitted Signal can be expressed as:

- JEnE_E
fT(t) = Vpl(tle o (A.1)
Vp(t) : complex amplitude

fo : radar centre frequency.

Assuming that the scattering is only occurring from an altitude h;:

. jZHfQ(t—Eé)
incident anE=vT(t——%)e

c: velocity of light

. jznfott—ﬁé
backscattered wave: N(h;,t) - VT(t——é) (A.2)

The time-dependent function N(h;,t) is proportional to the number
of electrons at altitude h: . The backscattered signal at the
receiver input is:

o _2h,
j2uf (t==)

I _hy =
fs{t) = N(h,,t —E) VT(t e (A.3)

2hh
i

The transmitted signal has a finite time duration and the
actual backscattered signal will have contributions for a finite

altitude region. The complex amplitude of the scattered signal
at the receiver input can be expressed by an integral:

II\J
9Rt=n

~j2rf
Vs(t) = F am(h.t-%—)vT(t—gg—)e 2 dh (A.4)

4

h

where the function 2y gives the altitude and time variation of the
electron density.
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The autocorrelation function is defined as:

RS{T‘t) A E[V; [t-—) v (t+.—_)}

& h h ‘jzllf 2(ht—h}
- ol o A LI - - 3 o c
JI’ J E[aM(h,t 5 C) aM(hl,t+ 5 = )Je
h h,
x v (£-3-20) vo (e+3-2RL) an,an (A.5)
E[-]: ensemble average
i : complex conjugate
Assuming the scattering process to be time stationary for h
and h: fixed, the autocorrelation function of the density
fluctuations is:
* T h t h+Ah Ah
E[aM{h't'i-E) aM(h+ﬂh,t+§— = l] = Ry (1-— —=rhj Ah) (A.6)
Substituting h, = h+Ah in A.5:
5 -jong 280
R (1,t) = [ I Ry (122 <rhibh e
h Ah

X Vv, (t-%~gﬁjv (t+ —iﬂgéﬁljdAhdh (A.7)

The parameter Ah in Ry gives the altitude correlation of the

plasma. Assuming at this point that scattering from altitudes

separated by more than a Debye-length are uncorrelated, it
follows:

RM(T,h;bh) ~ RM[1,h;o)6(&h) (A.8)

Performing the integration over Ah:

£3%% = sol fie T 2B 1_2h
Rs(l.t) E l RM(1,h.o)vT{t 3 CIvT(t+2 cldh (A.9)
h
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The signal at the receiver input is non-stationary in time, the
time dependence expresses the altitude discrimination. The
altitude resolution is determined bv the transmitted waveform.
The altitude weight-function is:

. i #(£-L.2h r_2h
WT(1,h,_) A Vi (t 5 c)vT{t+2 c) (A.10)
Then:
RS[T,tJ = J RM(T,h)WT(1,h;t)dh (A.11)

h

The paramter Ah=0 in A.9 is dropped for simplicity. The
information one wishes to extract,is RM as a function of Tt and h.
Caused by the linear operation of RM with WT, variations on
Ry with h are indistinguishable from t-variations. By the
assumption that Ry is constant over h on a scale given by

W,r and:

:
0 for |t|¢ ——

- *
Vpl€) = {=o else 2 (A.12)

the autocorrelation function at the receiver input is:

& i) =4 Rulerh = 50 & Rytrie) |7 |€tq
s'tr 1 i It |>t (A.13)
T
where 1
§(Ct+ﬁh]
Ry (15t) A I Wy (r,S55t)ah , Ah=S (ty-1) (A.14)
%{ct-ah]

The receiver system can be described by an impulse-response hg(t)
(pre-envelope), and the signal at the IF output is given by
the conveolution integral:

fo(t) = st(twe)hR(B}dO (A.15)

G
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By the introduction of the complex amplitude through:

-j2ﬂf08

hR,LP(GJ = hR(O}e (A.16)

the autocorrelation function of the observed signal (for the
complex amplitude) is:

* ; 1
R (1,t) A E [vo (t-3) vott+5)]

J I R (140-01, t= XL Jh % (0)hy o (01)d8;d0

R,LP R,LP

0 0,

R (1,t) = J ] J Ry (1+0-01 ,h) Wy, (1+6-01, hjt- @;9‘)

0 b

*
X hR,LP(O)h (01)dhd®,d0

R,LP

By the substitution: O,;= O+a

RO(T:t) = I J I RM(I“Orh)WT(T—ﬂfhit-ﬂ—%)

O ah

x h. - _(0)h

R,LP R, Lp(9+9)dhdadd

Following the same argumentation as above assuming RM to be
constant over the actual altitude interval:
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o h 0

Then, by definition of the receiver system's "autocorrelation

function".

*
Rp(0) A J hg, 1p(@)hy 1 p(0+a)do (A.17)

€]

the autocorrelation function of the observed signal is:

Ro(r,t) = J RM(r—u,h)RT(T~a;t)-RR(u)da

- [ Ry X Ryp ]QRR (A.18)

@ convolution

In order to determine the validity of the approximation given

in eq. A.8, the function RS{T,tJ in A.7 <can be expressed as:

; 2f, , £ :
""JZTT ‘—c—‘!‘E”ﬁh JZTTfT

RS(T,t) = J J J WM(f,h;ﬁh]e e
h Ah f
% .. 5 Zh 1_2(h+4h)

where the density fluctuation spectrum is defined by:

)
. P (A.20)
WM{frhfﬂh} é F {RM(Trhrﬂh)r
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The Fouriertransform of the last térm in A.19 is:

; 2 (h+Ah) T
=4u (2L ORL o Ty
+« _ 2(h+Ah), , _ J c 2

'rlvT(t * 5 = SRR ) = Wyit)e (A.21)

Assuming the spectrum WM is constant over the actual altitude-

interval, eq. A.l19 can be rewritten with the substitution
in A.21:

. 2h
: 2nE" (t=5-22)
= 1yel2nf'T Boe - E o T P 2 e
R_(1,t) = I Vgp(£')e ( ]IVT (& = 5o 2)e |
£ h
2(f +f")
X [1 e J Wy (f/h,Ah)e dahdf ])af'
f AR

c vy | 2320 E" j2uf
=< jllef ] |2 T[Jej i J Wy (£,h, Ah)
£ £ Ah

2(f0+f') £

) g . SRR
e e s dahdf | as’

The integral over Ah represents a spatial Fouriertransform:

I WM(f,h,ah)e—jkAhdAh & W (£,h,k) (A.22)
sh
: dn (£.+£")
_c or 123208 % 1| 0 2 f
R (1,8) =5 J Vo (£1) | “e LJ Wy (£,h, - + 255)
£ £
eI g g (A.23)

Refining now an autocorrelation function of the spatial
fluctuation spectrum:

Ry k (t/h,2kg) & j Wy (£, h, 2k, + 225)e327F gf (A.24)
r
:

it follows:
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- 2 R A (.5 & A 4uf!
Ry(t,t) =5 | [Vg(£4)]%
fl

RM;k{T‘h' 2kTO + == yaf' (A.25)

Provided the autocorrelation function RM K is constant in
r
the integration over f':

E c | .

- L]
| 2_j2nf"s
f L]

af’ (A.26)

or by introducing the autocorrelation function of the
transmitted signal (eq. A.14):

Rs(r,t) = RM'k(t,h,ZkTo)-RT(r,t) (A.27)
2ﬁf0
kTO = = . fO: radar centre frequency

Eq. A.27 gives that the plasma autocorrelation function to
be estimated is defined by the inverse transform of the
plasma spatial fluctuation spectrum (eq. A.24) and that
the autocorrelation function for the plasma and the

transmitted signal can only be separated provided

- the plasma autocorrelation function is assumed constant over
the altitude-interval determined by the transmitted signal,

- the plasma autocorrelation function is assumed constant for
wavenumbers

4unf!
Zkpo *
where f' can vary over a frequency-band determined by
the spectrum of the transmitted signal.

With the approximation in eg. A.8 all freguency variations

on RM have been neglected. As stated in eq. A.25, however,

the actual autocorrelation function is given by a weighted

sum of autocorrelation functions of the spatial fluctuation
spectrum which have a correct scale for backscattering.



APPENDIX B Thais

EISCAT TRANSMITTER SYSTEM CHARACTERISTICS.

UHF-SYSTEM
Centre frequencies : 933,55 5 MHz
11 frequencies can be selected
from 831 MHz to 936 MHz in
steps of 500 kHz.

Peak power outputMAx : 2 MW

Average POWeX .« 250 kW

Duty cvcle : 0-12.5% variable

Pulse rep. rate : 0-1 kHz variable

Pulse length : 10 usec - 10 msec variable

Modulation : Pulsed, with facilities for
180 phase-modulation and
frequency-hop within the
pulse or from pulse to pulse.
A multipulse mode giving
groups of from 2 to 10 pulses.

VHF-SYSTEM

Centre frequencies ¢ 224 + 1.5 MHz
11 freguencies from 222.75 to
225.25 MHz in steps of 250 kHz.

Peak power outputMAX : 5 MW

Average power,, . 625 kW

Duty cycle : 0-12.5% variable

Pulse rep. rate : 0-1 kHz variable

Pulse length : 10 usec - 1 msec variable

Modulation : Pulsed, with facilities for

180" phase-modulation and
frequencv-hop. Multipulse
mode with 2 to 10 pulses.
Flip between right- and left-
circular polarization trans-
mitted are controlled in
real-time.
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