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Abstract

Measurements were made on the Phased Array Feed (PAF) system by injecting a common noise
to all channels. Measured correlation coefficient shows large variation from the expected value of
unity. This variation is found to be due to poor (∼ -2 dB) image rejection in the second stage
mixer. The image reject and the IF filter response were measured. Based on these measurements,
we suggest that adequate (< −25 dB) image rejection can be achieved by operating the receiver
system at IF center frequency 395.8125 MHz (instead of 398.8125 MHz). The measured correlation
coefficient with common noise injected to all channels are close to unity when IF center frequency
is set to 395.8125 MHz. The data set was also used to characterize the linearity and cross coupling
in the system.

1 Experimental setup and Data analysis

The block diagram of the PAF receiver system and backend is shown in Fig. 1. The data were ob-
tained by injecting noise (a) at the tone input (marked A in Fig. 1; Project code TGBT12C 000 02)
(b) at the input of ADCs (marked B in Fig. 1; Project code TGBT14A 000 02) and (c) at the input
of the mixer cards (marked C in Fig. 1; Project code TGBT14A 000 02). Data were also taken
to measure the image rejection (Project code TGBT14A 000 03) and the 5 MHz IF filter (center
freq 400 MHz) response (Project code TGBT14A 000 04) using a tone injected at the tone input.
The Data Acquisition System (DAQ) consists of 10 computers (referred to as paf1 to paf10) each
having a card with 4 ADCs. Thus signals can be digitized from a total of 40 channels, out of which
38 channels are used by the 19 element dual polarized Kite PAF. DAQ records 8 bit quantized
voltages, sampled at 1.25 MHz, from all the 40 signal paths. The desired RF frequency is tuned to
the center of the digitized band using LO1 (see Fig. 1). A tone burst is injected at the beginning
of the data acquisition to calibrate the relative phase between ADC sampling clocks in different
computers. To obtain the correlation products, the offline program skips the tone burst part of the
data and then computes a series of 128 point FFT of the time series. Time average of self and cross
products of these voltage spectra provides the correlation products. We used the software package
ver xx developed by Rick Fisher to obtained the correlation products. Further analysis of data was
done in Matlab.
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Figure 1: Simplified block diagram of the PAF receiver system and backend.

2 Linearity

To measure the linearity of the receiver system, the input of the fiber modules were terminated with
50 Ω and a noise was injected to all the 38 channels through the tone input (marked ‘A’ in Fig. 1).
A variable attenuator was introduced between noise source and tone input to change the power
level of the injected noise. A measurements were made for a set of RF frequencies in the range 1250
to 1850 MHz. Plots of self power and its derivative vs attenuator value are shown in Fig. 2–8. The
self powers are converted to dB using the normalization 10log10(Pself ) − 135.0, where Pself is the
value of self correlation product averaged over spectral bins 20 to 100. This normalization provides
power in dB close to those displayed in the real-time display of PAF DAQ. The 1 dB linear range
is roughly between self power values −40 and −10 dB. As seen in Fig. 1 almost all channels have
similar characteristics except channel 13, which is connected to X13 dipole.

3 Correlation Coefficient measured with fully correlated noise and
coupling

The data obtained by terminating the input of the fiber modules with 50 Ω and noise source
connected to the tone input (marked ‘A’ in Fig. 1) were used to examine the correlation coefficient
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for different self power values. Fig. 9 shows the modulus of correlation coefficients (cc) vs self power
in dB. The cc for spectral bin 55 is obtained using the equation

cc =
< VnV ∗

m >√
< V 2

n >< V 2
m >

(1)

where Vn and Vm are the complex voltages in a spectral bin for channels n and m respectively
and n 6= m. Since identical noise is fed to all channels, the expected value of |cc| is 1. However,
the measurements show large variation in |cc| for different correlation products (see Fig. 9). These
variation are present over the full 500 MHz bandwidth of the receiver system.

To isolate which subsystem is producing the large variation in |cc| we injected correlated noise
at the input of different subsystems. Fig. 10 shows the measured |cc| when identical noise was
injected at 4 channels at the ADC inputs (marked C in Fig. 1). All other ADCs were connected to
the mixer cards. For this measurement the tone input was left open and LNA’s were powered on
(the cryostat was at room temperature). The X1 output from the mixer card was passed through
a 4 way splitter and connected to the input of the ADCs. The self power values were about -20 dB
for this test. As seen in Fig. 10, the measured |cc| is close to the expected value of unity.

Next the noise was injected at the input of the mixer cards. A noise source followed by a 500
MHz filter centered at 1500 MHz was passed through a 4 way power splitter and connected to 4
inputs of the mixer cards (marked B in Fig. 1). All other cable interconnections in the system
were left in the default condition for these measurements. An amplifier, connected between the
noise source and power splitter, was used to get the self power close to -20 dB. Fig. 11 shows the
|cc| from all cross products. For this measurement the tone input was left open and LNA’s were
powered off. The |cc|s obtained from channels connected to the noise source are not equal to the
expected value of unity. Further, |cc|s obtained from products between channels connected to noise
and those not connected to noise source show value as high as 0.4. This high cc value indicates
large cross coupling between channels.

4 Correlation coefficient vs frequency

The data obtained by terminating the input of the fiber modules with 50 Ω and noise source
connected to the tone input (marked ‘A’ in Fig. 1) were used to examine the correlation coefficient
for different center frequencies. For this examination, we set the attenuator such that the self power
is about -20 dB. Fig. 12 shows |cc| vs center frequencies, which span over the 500 MHz bandwidth
of the receiver system. As seen in the figure, |cc| values show ‘modulation’ across the 500 MHz
bandwidth. The frequency interval of this ‘modulation’ (ie the separation between peaks of |cc| in
frequency) decreases with the distance between the inputs in the mixer cards (see Fig. 12).

In Fig. 9, where correlation coefficient are plotted as a function of self power, large deviation
from the expected value of unity are noted for power > −40 dB. This deviation is due to the
‘modulation’ of |cc| seen in Fig. 12. For a given center frequency, |cc| for different cross products
have values ranging from unity to ∼ 0.1 due to the dependence of frequency interval of ‘modulation’
with physical separation of channels in the mixer card.

5 Image Rejection

The frequency dependence of correlation coefficient seen in Fig. 12 can be explained in terms of
poor image rejection in the second stage mixer in the receiver system. Consider a differential delay
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τ between signals arriving at the first mixer (see Fig. 13). Let ωd be the desired RF freq. The
correlation of noise with complex amplitude vd1 and vd2 between two channels can be written as

cd =< vd1v
∗
d2 > e−jωdτ (2)

At the nominal operation conditions, the first IF frequency is tuned to 398.8125 MHz and LO1 is
tuned to ωd

2π − 398.8125× 106 Hz. The second local oscillator (LO2) is fixed at 396.0 MHz, giving
a baseband frequency of 2.8125 MHz. Thus the first IF frequency 393.1875 MHz forms the image
frequency for the second stage mixer. Let ωi be the RF frequency corresponding to this image
frequency. The correlation of the noise at the image frequency is given by

ci =< vi1v
∗
i2 > ejωiτ (3)

where vi1 and vi2 are the complex noise amplitudes. Let air be the image rejection and for simplicity
we assume that the image rejection is identical for the two channels. Then the correlation correlation
coefficient can be written as

ρ =
cd + airci√

(< v2
d1 > +air < v2

i1 >)(< v2
d2 > +air < v2

i2 >)
(4)

Note that < vd1v
∗
i1 >= 0 and < vd2v

∗
i2 >= 0, since these voltages correspond to noise at different

frequencies. Assuming |vd1| = |vd2| = |vi1| = |vi2|, the correlation coefficient becomes

ρ =
e−jωdτ + aire

jωiτ

1 + air
(5)

Fig. 13 shows ρ vs freq overlaid on the correlation coefficient measured using a noise connected at the
tone input. The image rejection we get is ≤ −7 dB. Thus we conclude that the measured correlation
coefficients will be affected if the image rejection in the second stage mixer is not adequate. A plot
of the measured image rejection for the different channels is shown in Fig. 14, which agrees with
the above conclusion. Image rejection was measured by injecting a tone at 1550 MHz at the tone
input. The power due to the image frequency was measured by tuning the receiver such that 1550
MHz will be at the image frequency. This way of measuring the power at the image frequency
would have resulted in some receiver gain change, which was not corrected for.

6 Response of the 5 MHz IF filter centered at 400 MHz

The response of the 5 MHz IF filter centered at 400 MHz is measured using a tone of frequency
1550 MHz connected to the tone input. The first IF frequency was scanned from 384 MHz to 409.8
MHz in steps of 0.2 MHz by changing both LO1 and LO2 frequencies. The receiver gain change
due to change in LOs was not corrected for. The measured response is shown in Fig. 16. The IF1
frequency (398.8125 MHz) currently used and its image frequency (393.1875 MHz) are marked on
the plot. As seen in Fig. 16, most of the filters seem to have off-tuned, which causes the poor image
rejection.

7 Suggestion to improve image rejection

The image rejection can be improved by shifting the IF center frequency to 395.8125 MHz (see
Fig. 16). The corresponding LO2 frequency is 393.0 MHz. The expected image rejection at the
image frequency 390.1875 MHz is better than -25 dB (see Fig. 16).
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The correlation coefficient vs frequency was measured with IF center frequency set to 395.8125
MHz (Project code TGBT14A 000 05). The measurements were with a noise injected at the tone
input. Fig. 17a shows the relative increase in noise power with respect to the power when no noise
is injected – ie it is the injected noise to system noise ratio (INSN). The INSN for channels 2,
11, 13 and 26 are low compared to the other channels. Fig. 17b shows the measured correlation
coefficient for all cross products. In Fig. 17c we plot the correlation coefficient of cross products
after removing the data from channels 2,11,13 and 26. As can be seen in the plot the correlation
coefficients are between 0.99 and 1. Thus we conclude that the system can be used for observations
with IF center frequency set to 395.8125 MHz.
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Figure 2: Left column : Self power in dB vs attenuator values for center frequencies marked
on the plot. The attenuator values are proportional to the input noise power. Right column :
Derivative of the self power vs attenuator values. The 1 dB range of the derivative is shown by the
horizontal lines.

6



Figure 3: Same as Fig. 2
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Figure 4: Same as Fig. 2
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Figure 5: Same as Fig. 2
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Figure 6: Same as Fig. 2
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Figure 7: Same as Fig. 2
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Figure 8: Same as Fig. 2
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Figure 9: Absolute value of correlation coefficient (cc) vs self power in dB for center frequencies
marked on the plot. cc are estimated from cross products between channels. For self power < −40
dB the |cc| are expected to be less than unity since the injected noise become a small fraction of
the noise generated by the receiver system itself. However, the deviation of |cc| from the expected
value of unity for self power > −40 dB needs investigation.
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Figure 10: Absolute value of Correlation coefficient (cc) vs dipole number. Dipoles X1 to X19 are
numbered 1 to 19 and Y1 to Y19 are numbered 20 to 38. (Left :) Noise is injected to ADC channels
connected to X1,X2,X10 and X11 through a 4 way power splitter. X1, X11 are connected to ADCs
in paf1, X2 and X10 are connected to ADCs in paf2 and paf10 respectively. |cc| corresponding to all
cross product are plotted. The correlation coefficients for the products obtained from the 4 inputs
connected to the noise source are close to the expected value of unity (Right :) Experimental set
up is similar to that used to obtain data for the plot shown on the left expect the noise is injected
to ADC channels connected to Y1, X4, Y11 and Y19. Y1, Y11 are connected to ADCs in paf1, X4
and Y19 are connected to ADCs in paf4 and paf10 respectively. The measured |cc| for the products
obtained from the 4 inputs connected to the noise source are close to the expected value of unity.
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Figure 11: Absolute value of Correlation coefficient (cc) vs dipole number. Dipoles X1 to X19
are numbered 1 to 19 and Y1 to Y19 are numbered 20 to 38. (Left :) Noise was injected to the
mixer card inputs connected to X1,X2,X10 and X11 through a 4 way power splitter. X1, X2 are
connected to channels in mixer card 1 and X10, X11 are connected to channels in mixer card 3.
|cc| corresponding to all cross product are plotted. The correlation coefficients are not close to
the expected value of unity for the products obtained from channels connected to the noise source.
Large |cc| values (∼ 0.4) are measured between channels connected to noise source and those not
connected to noise source in the same mixer board. (Right :) Noise was injected to the mixer card
inputs connected to Y1, Y3, Y11 and Y19 through a 4 way power splitter. Y1, Y3 are connected
to channels in mixer card 1 and Y11 and Y19 are connected to channels in mixer cards 8 and 10
respectively. |cc| corresponding to all cross product are plotted. The correlation coefficients are not
close to the expected value of unity for products between channels where noise source is connected.
Large |cc| values (∼ 0.4) are measured between channels connected to noise source and those not
connected to noise source in the same mixer board.
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Figure 12: Absolute value of correlation coefficient (cc) for the products marked on the plot vs
center frequency. Data were obtained by injecting noise at the tone input and the attenuator value
was adjusted to get self power of ∼ -20 dB. |cc| values for products of the first input in mixer card
1 with the other 3 inputs are shown on the left plot. Correlation products obtained from channels
connected to different mixer cards are shown on the right plot. A ‘modulation’ in the measured |cc|
values are seen in both plots. The frequency interval of the ‘modulation’ decreases with increase in
the physical separation between inputs of mixer card.

Figure 13: Top : Simplified block diagram of the PAF receiver. The delay block represents the
differential delay between the channels in the RF/optical fiber path.
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Figure 14: Left : Measured and modeled correlation coefficient vs frequency. The measured
correlation coefficient (solid curve) for channels connected to dipoles X1 & X3 is obtained using a
noise source connected at the tone input (same data used for making Fig. 12). Model correlation
coefficient (blue dot) is obtained using Eq. 5 with a delay of 1.5 nsec and image rejection of -2.2
dB. Right: Same as the plot on the left except for channels connected to dipoles X2 & X6. The
delay and image rejection used for the model is 2 nsec and -7.0 dB respectively.
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Figure 15: Image rejection measured at the center of the baseband bandwidth (ie at 2.8125 MHz)
for the different channels connected to the dipoles. The dipoles X1 to X19 are numbered as 1 to
19 and Y1 to Y19 are numbered as 20 to 38.
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Figure 16: Measured response of the 5 MHz IF filter centered at 400 MHz. Curves of different
colors correspond to the filter response of different channels. The blue solid and dashed lines show
the current IF center frequency (398.8125 MHz) and its image frequency respectively. The black
solid and dashed lines show the proposed IF center frequency (395.8125 MHz) to improve the image
rejection and its image frequency respectively.
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Figure 17: Top : Relative increase in power for frequencies between 1340 and 1740 MHz when
noise is injected at the tone input plotted for the 38 channels. Dipoles X1 to X19 are connected
to channels 1 to 19 and dipoles Y1 to Y19 are connected to channels 20 to 38. The increase in
power is measured with respect to system noise when the tone input is left open. Bottom, Left
: Absolute value of correlation coefficient (cc) vs frequency. cc are obtained from measured cross
products between channels. Bottom, Right : Same as the plot on the left but data from channels
2,11,13 and 26 not included. As seen in the top plot, these channels have low injected noise to
system noise ratio.

20


