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Figure 14 Averaged output of the four reference channel adaptive canceler for three values of LMS
algorithm step size parameter y. The perfect interference-free output is shown below.
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As shown in Fig. 14, the adaptation process resulting from larger values of y

suffer from two problems: 1) the notch bandwidth, as described by equation (31), is very

large thus causing significant distortion in the passband, and 2) the misadjustment

becomes large causing a jitter-type movement toward and around the minimum in the

error performance surface as described by equation (25). This jitter movement results

in increased noise at the canceler output. Equation (25) also indicates that the

misadjustment is a function of the reference signal power (proportional to the trace of

the input correlation matrix). In order to maintain proper operation over a wide dynamic

range of interference signals powers, it is recommended that the value of y be fixed and either

an automatic gain control be used on all reference channels, or after AID conversion the reference

channels should be scaled by a factor inversely proportional to the interference power in that

channel.

4.5 _ Investigation #2: Performance vs. Number of Reference Channels

We examine the performance of the canceler as a function of the number of reference

channels having interference signals and noise spectrum as outlined in Table I.

Averaged canceler output data is shown in Fig. 15 for the case of one, two, and four

reference channels. The perfect interference-free solution is also included for

comparison. A system having only one reference channel shows uncanceled interference

components at all three interference frequencies. These residuals are due to the

transversal filter being of finite length and therefore a transfer function with enough

resolution to cover the entire operating range cannot be formed. Having two reference

channels makes a sizable improvement, particularly at 550 and SOO kHz, and going to

four reference channels improves the cancellation further to the point where the overall

operation is now limited by the interference-to-noise ratios in the primary and reference

channels. The notch filter phenomenon is present only when four reference channels are

used, which is consistent with the discussion in Section 3.6.
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4.6 Investigation #3: Performance vs. Primary Channel Noise Power

Here we investigate the effects of varying the primary channel noise temperature while

all of the other parameters are held constant. The canceler input is shown in Fig. 11 and

the averaged output for several values for the system temperature are presented in Fig.

16. INR„lz) is the same as shown in Table I. The graph showing 1 x Tv, is the same as

that in Fig. 13 and is included here for comparison. For extremely small primary

channel system noise temperatures (making INRpri(z) equal to 56, 48, and 48 dB for the

300, 550, and 800 kHz interference signals respectively), the residual noise powers are

quite large, as expected from the graph in Fig. 6. The notch filter phenomenon,

observable at 800 kHz, is unaffected by the noise power in the primary channel

(assuming that a good replica of the interference is present in the reference channels)

since it is a function only of y and the interference signal bandwidth.

4.7 Investigation #4: Performance vs. Reference Channel Noise Power

Now, we alter the interference-to-noise ratio in the reference channels while holding all

other system parameters constant. The canceler input is as shown in Fig. 11 and the

averaged output data are displayed in Fig. 17. The INRpri(z) is the same as that in Table

I. The graph for INR„lz) = 37 dB is the same as that in Fig. 13. The perfect interference-

free solution is also included for comparison. When the INR„ f(z) is infinite, the

cancellation is complete except for evidence of the notch filter phenomenon. As

predicted by the curves in Fig. 6, when the INR„f(z) = 12 dB, yielding a INR„f I INRpri

ratio of -18, -10, and -10 dB for the interference at 300, 550, and 800 kHz respectively, the

cancellation is very poor with significant residual noise power and large baseline

distortion.
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Figure 15 Averaged canceler output data for simulated adaptive interference cancelers having one, two,
and four reference channels. Canceler input is described in Fig. 11 and Table I.
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possible system temperatures in the primary channel.
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5.0 Conclusions

We have demonstrated that adaptive interference cancellation can be used successfully

for radio astronomy applications on a variety of radio telescopes only when the adaptive

approach is properly implemented and its limitations well understood. In the design of

adaptive canceler systems, the following points must be considered:

1. Minimizing the total output power of the adaptive canceler minimizes the output interference
power, yet has no effect on the desired signal.

2. The desired signal must not be present in the reference channel or a portion of it too will be
canceled.

3. If the reference input is completely uncorrelated with the primary input, the algorithm will
turn off the transversal filter and the output noise power of the canceler will not increase.

4. A suitable delay must be inserted into the primary channel so that a noncausal, two-sided filter
can be formed in the reference channel.

5. The optimum transversal filter tap-weight vector is independent of the astronomical source
spectrum and the primary system noise spectrum.

6. A large value of reference channel INR is necessary for adequate interference cancellation.

7. A large ratio of reference channel INR to primary channel INR is essential for minimizing the
noise added by the canceler.

8. The number of reference channels must be greater than or equal to the number of interference
signals present in the passband.

9. Under certain conditions, a notch filter can occur in response to a fixed frequency interference
waveform present in the reference channels and will cause cancellation of all primary channel
input components at that frequency as well as at adjacent frequencies.

10. Quantization effects must be understood prior to canceler hardware design. The interference-
to-noise ratios at the front-end of the radiometers must be the limiting factor governing canceler
performance.

11. The value of step size should be adjustable in accordance with the power level of the
interference present in the reference channel. Otherwise, an Automatic Gain Control (AGC)
should be used at the input of each reference channel or the reference channel power should be
scaled upon AID conversion.

12. The minimum number of tap weights used with the transversal filter depends on the
bandwidth of the adaptive canceler.
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Appendix

Estimate of Adaptive Interference Canceler Performance on Several Radio Telescopes

The effectiveness of the adaptive interference canceling system for reducing interference

during astronomical observations is estimated. Four radio telescopes are considered:

1) the Green Bank 140 foot telescope operating at 100 MHz and 1 GHz, 2) the Green

Bank Telescope (GBT) operating at 100 MHz and 1 GFIz, 3) a VLA antenna operating at

1 GHz, and 4) the Arecibo 1000 foot telescope operating at 100 MHz and 1 Gliz. The

performance will be estimated from rough calculations of INIZrep) and INRpri(z) for each

of the canceler-telescope systems. We assume that the interference levels at both

frequencies are -97.5 dBm, which is based on measurements made at 93.5 MHz in Green

Bank (see Fig. 1).

The following assumptions are made in order to simplify the calculations: All of

the radio telescopes are symmetrical paraboloids and that the interference is in the far-

field of the telescope radiation pattern. Tv, p at 100 MHz and 1 GHz depends on the

radiometers used with each telescope, but is assumed to be independent of elevation

angle.

The type of reference antenna chosen for the canceler will depend on the

operating frequency. For 100 MHz operation, a dual-polarized, 5-element yagi

antenna is chosen so that a beam with 10 dB of gain over an isotrope is pointed along

the horizon in the direction of the interference source, located at azimuth angle ay.

x at 100 MHz is taken to be 750 K for ambient temperature operation. Similarly, at

1 GHz, a dual-polarized horn antenna is chosen so that a beam with 20 dB of gain over

an isotrope is pointed along the horizon in the direction of the interference source at ay.

Tsys x at 1 GHz is taken to be 300 K. In both cases, knowledge of the direction of the

interference is assumed in order to simplify the calculations.

The telescope main beam gain, G inain, is estimated by the well-known equation

(Stutzman et al., 1981),
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where D is the aperture diameter [meters], X, is the operating wavelength [meters], and

the aperture efficiency, is taken to be 60 percent.

The half power beamwidth, 20o, is calculated using the following formula

(Stutzman et al., 1981),

The sidelobe gain along at horizon, G side(P) , is estimated using the following

formula (Korvin et al., 1971),

-1

[dB]
(A 3)

where p is the elevation angle [degrees] at which the telescope is pointing. We assume

here that the telescope is pointed in the direction (as,, p). This assumption is made only

to establish a frame of reference.

The noise powers at both the primary and reference channel receiver front-ends

are calculated from the respective system temperatures as

(A 4)10 log kBT -103 ) [dBm]Pnoise

where k is Boltzmann's constant, 1.38 x 10 -23 W Hz-1 K-1 , B is the bandwidth [Hz], and

T is the noise temperature [kelvins].

Estimates of the canceler performance for the four telescope systems are presented

below.
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Green Bank 140 Foot - 100 MHz

Interference:
Power Level at Antenna [dBm]: -97.5
Bandwidth [kHz]: 100

Telescope:
Aperture Diameter [meters]: 43
Main Beam Gain [dB]: 30.9
Main Beam Half Width [deg]: 2.6
System Temp. [K]: 750
Noise Power [dBm]: -119.9

Horizon Sidelobe Gain:
Elev. [deg], Gain [dB]: 90 -7.6

50 -1.3
Interference-to-Noise:

Elev. [deg], INRpri [dB]: 90 14.7
50 21.1

Reference:
Antenna Gain [dB]:
System Temperature [K]:
Noise Power [dBm.]:
IN.R ref [dB]:

10
750
-119.9
32.4

romm•mr.olvvm•
111•1•••mmmom
limium••••••
limiummimmimm•

I•II••• M .- •
IME1••••••••A •
MEIMM•••••
MMIMMEIMMM•
M. Wi:111".:::".2111.:,,MM•••

::::::,::::::::::: ms:::::NEE:::::::::::::20%:::::::::::::::::::::::50 E::::::::::::i::::: 40::::::M:::1:::50IR::::: E:60::::::::::: Eii:::::70MEI::::::::$0::::::::::::::::::::i;::::iiiii 9

PERFORMANCE:
Interference Attenuation [dB] 64.7
Residual Noise Ratio:

Elev. [deg], Ratio [dB]: 90 1.017
50 1.075
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Green Bank 140 Foot - 1 GHz

Interference:
Power Level at Antenna [dBm]: -97.5
Bandwidth [kHz]: 100

Telescope:
Aperture Diameter [meters]: 43
Main Beam Gain [dB]: 50.8
Main Beam Half Width [deg]: 0.26
System Temp. [K]: 20
Noise Power [dBm]: -135.6

Horizon Sidelobe Gain:
Elev. [deg], Gain [dB]: 90 -12.6

50 -6.3
Interference-to-Noise:

Elev. [deg], INRpri [dB]: 90 25.4
50 31.8

Reference:
Antenna Gain [dB]:
System Temperature [K]:
Noise Power [dBm.]:
INRref [dB]:

20
300
-123.8
46.3

M,1 : i 1 0 % 5'/ 3 % MKT,
IIMIMMMMWMMM
UMIUMMMMMM•
miummmmmmm

mmmmmmm
maimmmoommm
maimmmmmmm,
mimmmmmmmm
MMMMMMMMM
m=n4 s =m=

PERFORMANCE:
Interference Attenuation [dB]: 92.7
Residual Noise Ratio:

Elev. [deg], Ratio [dB]: 90 1.0082
50 1.0355
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GBT - 100 MHz

Interference:
Power Level at Antenna [dBm]: -97.5
Bandwidth [kHz]: 100

Telescope:
Aperture Diameter [meters]: 100
Main Beam Gain [dB]: 38.2
Main Beam Half Width [deg]: 1.1
System Temp. [K]: 300
Noise Power [dBm]: -123.8

Horizon Sidelobe Gain:
Elev. [deg], Gain [dB]: 90 -9.5

50 -3.1
Interference-to-Noise:

Elev. [deg], INRpr, [dB]: 90 16.9
50 23.2

Reference:
Antenna Gain [dB]:
System Temperature [K]:
Noise Power [dBm]:
INRrtf [dB]:

10
750
-119.9
32.4

•11••• •
IIMEE •IERIEEE

NEN• ••
loaato:--aiiiiiiid—io--aa-i-ianii

PERFORMANCE:
Interference Attenuation [dB] 64.7
Residual Noise Ratio:

Elev. [deg], Ratio [dB]: 90 1.0282
50 1.12275
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GBT - 1 GHz

Interference:
Power Level at Antenna [dBm]: -97.5
Bandwidth [kHz]: 100

Telescope:
Aperture Diameter [meters]: 100
Main Beam Gain [dB]: 58.2
Main Beam Half Width [deg]: 0.11
System Temp. [K]: 15
Noise Power [dBm]: -136.84

Horizon Sidelobe Gain:
Elev. [deg], Gain [dB]: 90 -14.5

50 -8.1
Interference-to-Noise:

Elev. [deg], INRpri [dB]: 90 25.4
50 31.8

Reference:
Antenna Gain [dB]:
System Temperature [K]:
Noise Power [dBm]:
INRref [dB]:

20
300
-123.8
46.3

1
,M IMWÒYo 3% 1%

miummmmwmo=mom ••••
Ma= •••maim • •••MEIM••••••mmmmmmmimo

PERFORMANCE:
Interference Attenuation [dB]: 92.7
Residual Noise Ratio:

Elev. [deg], Ratio [dB]: 90 1.00714
50 1.03106
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VLA - 1 GHz

Interference:
Power Level at Antenna [dBm]: -97.5
Bandwidth [kHz]: 100

Telescope:
Aperture Diameter [meters]: 23
Main Beam Gain [dB]: 45.4
Main Beam Half Width [deg]: 0.49
System Temp. [K]: 50
Noise Power [dBm]: -131.6

Horizon Sidelobe Gain:
Elev. [deg], Gain [dB]: 90 -11.3

50 -4.9
Interference-to-Noise:

Elev. [deg], INRpri [dB]: 90 22.8
50 29.2

Reference:
Antenna Gain [dB]:
System Temperature [K]:
Noise Power [dBm]:
INRref [dB]:

20
300
-123.8
46.3

..rook 5% 3% 1% • ME:::...•	MEIEEE ME
:ERIE ME

ME
EMER.,..:..„,.....:.........:.::.:1E

PERFORMANCE:
Interference Attenuation [dBJ 92.7
Residual Noise Ratio:

Elev. [deg], Ratio [dB]: 90 1.00447
50 1.01943
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Arecibo - 100 MHz

Interference:
Power Level at Antenna [dBm]: -97.5
Bandwidth [kHz]: 100

Telescope:
Aperture Diameter [meters]: 305
Main Beam Gain [dB]: 47.9
Main Beam Half Width [deg]: 0.37
System Temp. [K]: 750
Noise Power [dBm]: -119.9

Horizon Sidelobe Gain:
Elev. [deg], Gain [dB]: 90 -11.9

50 -5.5
Interference-to-Noise:

Elev. [deg], INRpr, [dB]: 90 10.4
50 16.8

Reference:
Antenna Gain [dB]:
System Temperature [K]:
Noise Power [dBm]:
INRref [dB]:

10
750
-119.9
32.4

IMMETTEKTAMMEM.MEM.MEM.MEM.EWENMEE.

1 0 % 5 % 3 To••milm•::;:.malm
:ENEmnimmmEim

PERFORMANCE:
Interference Attenuation [dB]: 64.7
Residual Noise Ratio:

Elev. [deg], Ratio [dB]: 90 1.00647
50 1.02812
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Arecibo - 1 GHz

Interference:
Power Level at Antenna [dBm]:
Bandwidth [kHz]:

Telescope:
Aperture Diameter [meters]:
Main Beam Gain [dB]:
Main Beam Half Width [deg]:
System Temp. [K]:
Noise Power [dBm]:

Horizon Sidelobe Gain:
Elev. [deg], Gain [dB]:

Interference-to-Noise:
Elev. [deg], INRpr, [dB]:

Reference:
Antenna Gain [dB]:
System Temperature [K]:
Noise Power [dBM.]:
INRref [dB]:

-97.5
100

305
67.9
0.04
50
-131.6

90 -16.9
50 -10.5

90 17.2
50 23.6

20
300
-123.8
46.3

PERFORMANCE:
Interference Attenuation dB]:  92.7
Residual Noise Ratio:

Elev. [deg], Ratio [dB]: 90 1.00123
50 1.00534
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List of Symbols

Variables and Constants 

A Amplitude of sinusoidal signal

a Scaling factor for fixed-point arithmetic operations

Number of bits used during quantizing

Bandwidth

B 
notch Bandwidth of adaptive notch filter

Telescope aperture diameter

V (n) Gradient estimate

F 1(z) Transfer functions from interference sources to reference shannels

G1 (z) Transfer functions from interference sources to primary input

G 
main Telescope main beam gain

Gside(0) Telescope sidelobe gain

H(z) Transfer function between interference source & reference input

h(n) Impulse response of 1-1(z)

IA Interference attenuation

INRpri Interference-to-noise ratio in the primary channel

INRref Interference-to-noise ratio in the reference channel

i(n) Interference entering primary antenna
ix(n) Interference entering reference antenna

Boltzmann's constant, 1.38 x 10' W K-1

Number of tap weights

MADJ Misadjustment

m (n) Noise component from T sys p

MX(n) Noise component from T sys x

Discrete time sequence
P 

noise Noise power in bandwidth B

p(n) Primary channel input

R(z) Input correlation matrix

RNR Residual noise ration
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List of Symbols

-- continued --

s(n) Desired signal

SIR Signal-to-interference ratio

Noise temperature

T
s ys P Primary channel system noise temperature

Ts Reference channel system noise temperatureys X

W(n) Tap weight vector which includes the set of w(n)

w(n) Transversal filter tap weight

W
opt Vector containing the set of optimum tap weights

W0 (z) Optimum filter transfer function (z-transform of Wopt)

X(n) Vector containing delayed versions of the reference input

x(n) Reference channel input (also transversal filter input)

y(n) Transversal filter output

z-1 Unit delay

ocw 	Azimuth angle of interference

13 	Elevation angle

Quantizer step size

E(n) Interference canceler output and error feedback signal

00 	1/2 the beamwidth at the half-power points

Aperture efficiency

wavelength

Step size parameter

Error performance surface or mean-squared error

' min Minimum mean-squared error

it I.,1, 3.14159—

6 Variance of the white noise due to quantization

ii

ij

(13i0

Signal power spectrum

Cross power spectrum

Interference power spectrum at the canceler output
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List of Symbols

-- continued --

ii Auto-correlation
11) ij Cross-correlation

Wi Interference source

Arithmetic Operations 

EL I Expectation operator

tr[
 

Matrix trace operator

Matrix transposition

Complex conjugation
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