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ABSTRACT

The bandwidth synthesizing-software KOMB, initially developed for K3 VLBI data reduction on a mini-
computer, was ported to a UNIX workstation to process KSP VLBI correlator output data. The KOMB
software obtains directly observed values — such as delay time, delay rate, and correlated amplitude —
from cross-correlated data. We compared the results processed by the KSP data-reduction system
(correlator + KOMB) with those by the K3 system. The difference in the observed delays used for baseline
analysis was usually smaller than the theoretical errors calculated from the signal-to-noise ratio. Thus,
there is no fatal programming error either in K3 or KSP KOMRB.

Keywords: Bandwidth synthesis, Coarse-delay search,

1. Introduction

The accuracy of the delay time observed in very long
baseline interferometry (VLBD is inversely proportional
to the bandwidth of the receiving frequency. A wider fre-
quency band gives more accurate results. However, it has
been difficult to record a wide band signal due to limited
recording capacities. This problem has been overcome in
conventional VLBI by combining multi-channel signals to
increase the measurement accuracy. This technique is
called “bandwidth synthesis”®.

For example, the accuracy of delay determination is
about 500 ns in the case of one-channel receiving at a fre-
quency bandwidth of 2 MHz. However, if the signals re-
ceived over two channels separated by 100 MHz are
combined, the determination accuracy improves to about
10 ns (=1/100 MHz). By increasing the number of receiv-
ing channels and extending the frequency separation, we
can further improve the delay measurement accuracy. The
bandwidth synthesizing technique improves accuracy.

In our VLBI system, the software performing the
bandwidth synthesis is called “KOMB”, named after the
comb-like shape of the correlation function after the
multi-channel data are combined. The KOMB software is
located in the final stage of the data-reduction system of
the VLBI system. The data output by the correlator are
processed by KOMB to obtain the observed delays and
delay rates. Further analysis, such as baseline estima-
tion, is carried out using these observed values.

The KOMB software was initially developed on a
Minicomputer when the K3 VLBI system was developed®.
It was modified for KSP to handle the KSP correlator
output®. Tt was also modified to run on a UNIX work-
station. The principle method used by KOMB to obtain
the delay time and delay rate is described in Sec. 2. In
Sec. 3, the KOMB processing is explained in more detail.
The results of KSP and K3 correlation-processing systems
are compared in Sec. 4.

2. Cross-correlation Function

Cross-correlation processing is carried out to obtain
the delay time from VLBI observation data. However, as
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delay time changes continually due to the earth’s rota-
tion, the shape of the correlation function also changes
due to this delay change.

First we explain a cross-correlation function for di-
rect RF signals without considering the earth’s rotation.
Then we explain the cross-correlation function after the
frequency is converted from RF signals to video signals.
Next we explain the cross-correlation function when the
earth’s rotation is considered.

An equivaleni signal model for VLBI is shown in
Fig.l. Vector S denotes the signal f_r())m the_}“adio
source, 7, is the delay between passes, Ni) and ]E are
the noises imposed at the receivers, and X and Y are
the signals received at the end of the baseline. In this
figure, each signal is represented as a vector. We express
them as a function of angular frequency w in the follow-
ing discussion for convenience.

The signals received at stations X and Y are given by

X (@) = S(w) N, (@) swerrveermemmsiiiii, )
Y(w) = S/(a))+Ny(a)) ....................................... (2

The cross spectrum of these signals is given by
S(w) = X(0)Y ' (w)

= S(@)S" (@) +S(WIN, (@) woeervrnens (3)

+N,(0)S"(w) + N, (w)N, (w).

Assuming S, N,, and N, are independent Gaussian
noises, the 2nd and following terms on the right side of
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Fig. 1 Equivalent signal model for VLBI.
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Eq.(3) become zero after integration. Because the signal
from the radio star reaching station Y is delayed by <,,
it is expressed as

S'(w) = S(w)e ™, siitesimamieniniiaiiii i (4)

Substituting this relation into Eq.(3), we get
Sy (@) = [S(@) 7™, v (5)

The cross-correlation function is obtained by performing
an inverse Fourier transform of Eq.(5). Thus, a normal-
ized cross-correlation function is given by

S S (w)e™dw
SIX(@)dw- /1 Y(w)ldw’

T (T) =

The normalized cross-correlation function when limited
frequency band signals @, to w, + wgz) are received is
obtained by integrating Eq.(6) over this frequency range:

1, (7) = pycos {(w,+7B) (+1,)}

. Sin HB(MRE ........................ (7)
mB(t+1)
where
. 7;17;1 — Wpg
A G R T TE I R X

and T,, T, , T,, and T,, are the antenna temperature
and system-noise temperature of station X, and those for
station Y, respectively.

In actual VLBI observations, the received signals are
converted into video-band signals, then correlated. Next,
we derive a cross-correlation function for this case.

Suppose that frequency conversion is performed by
the local oscillator at angle frequencies w, and w, at
stations X and Y. The spectrums after conversion are

X(0) = X(wtw)e »i¢I+X(wfa)I)e'f¢I ............... 8
Y (w) = Y(w+wy)e"’¢y+ Y(w*a)y)e"”y, ............... (9)

where ¢, and ¢, are additional phases at frequency con-
version at each station. The first term on the right side
of these equations represents the upper side band (USB),
and the second term represents the lower side band (LSB).
In the following we consider only the USB for simplicity.
The same arguments hold when the LSB or both side
bands are considered.

Correlation coeff,
.‘O © o
w o o
é TN
= O
N~ A

|
o

4 -2 0 2 4
Delay (unit: 1/bandwidth)

Let the cross spectrum when receiving the USB be
Sp(w)
So(w) = X(w0twoe ™1 [Y(wtw)e ™
= S(w+w)S (wtw) e (10)

|S(a)+a) )‘Zeiwrg_ei(% V)z).ei(‘*’y’“’;)’
z ,

N

where the following approximation is applied under the
condition |w,—w,| <1.

S(wtw,) = S (wtw,)e @ o
Furthermore, by defining 6, o, and w, as
0=¢,~ ¢, +(w,~w)t,
w =wto,
Wy — Wy
we obtain the following cross spectrum:

S;y(a)) _ |S(w)'|2e”0+(“’“+“’)rg}. ........................... an

After inverse Fourier transformation of Eq.(11) and nor-
malization, we obtain a normalized cross-correlation func-

tion:
(o) = S S (w)e™dw

S1X, () dw [1Y,(0) |de

When receiving white noise at an angle frequency ranging
from 0 to wp, the cross-correlation function for an ac-
tual VLBI observation is obtained by integrating over this
frequency range:

() = pycos {0+ wer, + 7B(z+1,)}
sinaB(rtg) 000 e (13)

e

7B(z+ z,)

Both Egs. (7) and (13) are cosine functions of the en-
velope represented by sinx/z. However, their responses
to a delay change differ. For Eq.(7), change t, appears
as a vibration with a frequency of w,t, i.e., the changes
corresponds to the RF frequency itself, while for Eq.(13)
it appears as nBt(= 1/2-wgr) , i.e., it corresponds to the
frequency of the video-frequency bandwidth. These corre-
lation functions are illustrated in Fig. 2.

We have so far considered 7, to be a constant to
simplify the derivation of equations. However, in actual
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Fig. 2 (a) Correlation between RF signals. (The RF frequency was set to five times the bandwidth in order to make
the figure legible.) (b) Correlation between video signals. (Both abscissas were normalized by the reciprocal

of the receiving bandwidth.)
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Fig. 3 Effect of delay time (7,) change in correlation
function. The RF is set very low to clearly show
the change of the correlation function. Note that
the delay time change changes both the shape of
the correlation function and its peak position.

VLBI observations, it changes continuously due to the
earth’s rotation. The position of the peak of the correla-
tion function thus moves in accordance with the change in
the shape of the function. Therefore, a simple integration
will result in a decrease in the correlation amplitude. To
avold this problem, the delay change is continuously com-
pensated for to retain the shape of the correlation func-
tion. When 7, changes to 7,7Az, in Eq.(13), we can
retain the shape of the correlation function by changing
T to t—At, and simultaneously adding —w,At, to the
phase term of a cosine function. The first compensation
corresponds to the shift of the time-axis, and is called
“delay tracking”. The second one compensates for the
fringe phase, and is called “fringe stopping”.

Figure 3 shows how the correlation function expressed
by Eq.(13) actually changes when t, is changed. Note
that the change in 7, not only shifts the correlation func-
tion, but also changes its shape.

A correlator integrates the correlation function by
changing ¢, according to a value calculated using the sta-
tion positions, source position, and earthorientation pa-
rameters. However, a small difference still remains
between this predicted value and the actual change in
delay due to unmodeled effects, such as a change in the
station clock. As a result, the integration period can not
be extended to as long as it is in conventional correlation
processing. We therefore used 1 to 4 seconds for the unit
Integration period in our KSP correlator. Correlated data
integrated per unit integration period are output from
correlator. The bandwidth-synthesizing software calculates
the residual delay and residual-delay rate from these data.
The correlator also detects the phase of the phase-
calibration (PCAL) signals imposed on each channel; this

e
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phase is necessary for the bandwidth synthesis.
3. Precise Determination of Delay Time

A priort values to a certain degree of accuracy are re-
quired for the correlation processing. The degree of ac-
curacy is determined from the error in the fringe-phase
rotation in a unit integration period. It should be less
than about 100 degrees to avoid significant correlation
loss. The error in the delay time itself is not severe be-
cause a certain delay range is covered by the correlator’s
lag window.

In the correlation processing, the a priori values of
delay time (), delay rate (), and delay acceleration (
t) are used to calculate the expected delay and delay rate
at any moment. The KOMB &ynthesizing software
searches the residuals of the delay and delay rate ( At
and At). We will next explain the procedure used in
KOMB and the processing flow based on the output from
the correlator we developed. This software can easily be
adapted to a general time-domain correlator by simply
adjusting for the differences in the sampling rates and
number of lags.

3.1 Normalization of correlator output

Correlator output consists of three kinds of counters:
the counter used for cross correlation (cross-correlation
counter), the counter that counts the number of bits used
in the correlation (total bit-number counter), and the
counter used for the phase-calibration-signal phase detec-
tion (PCAL counter). These counters are output every in-
tegration unit time (PP: parameter period). The number
of lags in the cross-correlation counter is 8 bits for the
K3 correlator and 32 bits for the KSP correlator. Both
the cosine and sine components of the correlated values
for these lags are output as correlated count values. The
total bit-number counter is used to normalize the correla-
tion amplitude. The PCAL counter is used to synthesize
the bandwidth.

Let the cosine and sine components of the cross-
correlation counter and those of the total-bit counter be
a,(n, k, d) and a,(n, k d) and A(n, k) and
Ai(n, k) , respectively. The complex cross-correlation

function after normalization can then be expressed as

_ Qa,n, k, d)—A,(n, k)

N A (n, k)

- Qa(n, k, dA)—A(n, k)
A(n, k) ’

where n, k£, and d are the indices for the frequency
channel, the PP number, and the lag (in bit units), re-
spectively.

The PCAL counter output consists of the cosine and
sine components of the station X and station Y data.
Let these be P,(n, k), Py(n, k), P,(n, k), and
P,(n, k), respectively. Hence, the normalized PCAL
count value is given for station X hy

Q. (n, k) = (2P, (n, k)—N,)/N,,
Qu(n, k) = —(2P,(n, k)—N,))/N,),

where N,, is the total number of bits included in a PP.
From these components the phase of the PCAL signals

RAR(n, k, d)}

L{R(n, k, d)} =
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can be calculated using

—tan 1 Qun KD

The normalized PCAL count value and phase are similarly
obtained for station Y by using

Qu(n, k) = 2P, (n, k)=N,)/N,,

Q,(n, k) = —(2P,(n, k) —N,,)/N,,
— | Q1'(n: k)
$,,(k) = tan {ﬁﬂ*—Qw(n, k)}'

To obtain the true correlation amplitude, three cor-
rections are adopted; a onebit sampling (A/D conversion)
correction, a bias correction due to 3-level approximation
of the fringe rotation, and a fractional-bit correction.

The loss due to the one-bit sampling is given by®

0o = sin{%pc},

where p, 1s the true correlation coefficient and p, is
that after one-bit sampling.

The function wused for fringe stopping in the
correlator is a sinusoidal function approximated by three
levels (—1, 0, and +1). The fundamental sinusoidal com-
ponent of this function has an amplitude of
4/7+ cos(x/8)(= 1.176) . It thus affects the correlation
amplitude, resulting in a biased amplitude. When a value
of zero 1s realized in the fringe-stopping function by com-
pression of the correlation, a quarter of the total integra-
tion period, it should be compensated for afterwards.
These corrections are for the case of using a 3-level ap-
proximation of the fringe-stopping function.

The fractional-bit correction compensates for the loss
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of correlation caused by the step-wise delay tracking.
Delay tracking in a correlator is performed in bit units
even though the actual delay change is continuous. In
other words, the KSP correlator cannot perform continu-
ous delay tracking. The difference between a continuous
delay change and a step-wise delay change reduces the cor-
relation amplitude. To reduce this loss, fringe stopping is
done at the RF corresponding to the center frequency in
the video frequency band, and the fringe phase is jumped
by 90° when a one-bit shift occurs in the delay tracking.
Although a loss still remains, it is considerably smaller (
7°/288 = 3.4 %) than when fringe stopping is done at the
base of each video frequency band and there is no 90°
jumping (the loss remaining is 7°/72 = 13.7 %).

These compensations can be summarized as follows,

r(n, k, d) =sin{C-R(n, k, d)},

where 7(n, k, d) is the correlation coefficient after com-
pensation, R(n, k, d) is the raw correlation coefficient,
and C 1is given by

c-r3 __x 1 _
2 4 4cos£ 1— z
8 288

When the correlation amplitude is very small (< 1), as is

the case in conventional VLBI observation, r(n, k, d)
can be approximated as
r(n, k, d) = CR(nm, Kk, d). -reeeereervevsmmirnemiinnn (18)

A Fourier transform of this correlation function is a
video cross spectrum. In the Fourier transform we add
an extra J points of zero data to a correlation function
consisting of J lag points, then we perform a 2* J point
Fourier transform, thereby obtaining a cross video spec-
trum value at J +1 points dividing the video frequency
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Fig. 4 Principle of finding delay residual Az and delay-rate residual AZ. (a) A vector display of the video cross spec-

trum on a frequency-time plane.

At causes phase rotation in the frequency direction.

A7 causes phase rota-

tion in the time direction. (b) By applying a reverse-phase rotation to each vector to cancel out the phase
errors, all vectors can be aligned in the same direction.
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band into J frequency sub-bands. Let the cross video
spectrum be S,(7, k, n), where j(j =0~ J) is the video
frequency index. A coarse search of the delay and delay
rate is performed using the video cross spectrum.

3.2 Coarse-delay search

If the cross spectrum, which is the Fourier transform
of a cross correlation function, is used, it is easy to un-
derstand the principle of searching for the residuals of
delay time At and delay rate A?. A vectorical represen-
tation of the cross video spectrum on a frequency-time
plane is shown in Fig. 4(a). Generally, the residuals are
not zero, so a vector (phase) rotates in the time and fre-
quency directions. Because the gradient of the phase in
the frequency direction is the delay time, A7z(# 0) causes
the phase to rotate in the frequency direction. Similarly,
A#(# 0) causes the phase to rotate in the time direction.
If such residuals can be compensated for perfectly, a vec-
tor can be wholly turned in the same direction, as shown
in Fig .4 (b). Thus, the intensity integrated over the fre-
quency and time domains becomes maximum.

In a coarse-delay search, the compensation for Ar is
limited only in the video frequency band. In this case,
the operation shown in Fig. 4 (b) can be expressed for
channel # as

. 1 K 1 I . iwlAt
Fn, At, At) = — X 3—— > S,(G, k, n)r ™
K = i1

J—1i=

. g~ iwbAik

where w; is the angle frequency for index j in the video
frequency band, wy is the RF angle frequency correspond-
ing to the base band frequency of channel n, Az and
At are the trial delay time and delay rate, and At is the
time interval of index k&, i.e., the PP period. Equation
(19) thus performs integration by compensating for the
phase rotation in the video frequency band by At and for
the fringe-phase rotation in the time direction by A7.
The range of summation inside the { } is j=1~J]—1
Instead of 7 =0~ ] so as to remove the DC offset and
to avoid the effect of the band edges of the video fre-
quency band; j =0 corresponds to the DC component and
7 =0, J the band edges. We define the coarse-delay search

function by integrating the absolute value of
F(n, Az, At) over the frequency channels:
N
F(A‘L’, Ai’) — % ZI|F(7’£, A‘L‘, AT') | .................. (20)

We can say that a coarse-delay search is the process
for finding the Az and A7 that maximize F(Az, A7) .
Equation (19) is considered to be a two-dimensional
Fourier transform with respect to parameters Az and
wpAT . Therefore, we can apply the fast Fourier trans-
formation (FFT) to compute the function. Note that it
is necessary to set S,(j, k, n) to 0 both at =0 and J
and to set the lower side band values to 0 before perform-
ing the FFT.

There are several mathematical methods for finding
the maximum value of Eq. (20). One is the steepest de-
scent method; another is the Newton method. KOMB uses
a simple mountain-climbing method.

= AT
Fig. 5 Search for function maximum by “mountain
climbing” method. Point “A” is the start point;
Az and A7 are alternatively searched for; we fi-
nally arrive at the maximum (the summit, point
“E”).

We can compute F(n, Atr, A#) for the discrete val-
ues of A7z and wpA7 by using two-dimensional FFT. By
converting wyA? into a At domain and integrating over
the channels, we obtain F(Atr, At) for the discrete val-
ues of Ar and A7. Thus, by searching for the maximum
value of F(At, A7), we can obtain Az and A7. The
At and A7 obtained this way become the starting values
for finding a solution that gives a larger value of
F(At, A7) . This process is analogous to mountain climb-
ing, as shown in Fig. 5. We start from point “A” in
Fig. 5; this point is a discrete set of points given by the
FFT. We calculate F(A7, A7) using Eq.(19), changing
At in small steps. If we find a maximum (point “B” in
the figure), we fix At there. Next we compute
F(Az, At), changing A7 in small steps to reach point
“C”. This search process is then repeated, but for the
Az direction. The search alternates between directions
A7 and A7 until arriving at the mountain summit (point
“E7).

To compute the maximum value and position we use
a parabolic approximation given by the values of three
different points. To calculate a function value for pa-
rameters not given by the FFT, a formula must be calcu-
lated directly. Therefore, the fewer the iterations in the
mountain climbing, the shorter the calculation time.
When the software was first developed, this was an im-
portant factor given the limited power of the computer.
Now that a much more powerful computer is being used,
the number of iterations has become less important. In
the actual processing, the required accuracy is being
achieved after three iterations in each direction. Figure 6
shows an example of a coarse-delay search function
F(At, A7)

3.3 Fine-delay search

A fine-delay search is the process of finding the delay

residual by extending the phase correction to different
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COARSE SEARCH FUNCTION (Ga= 128)
(X=nann (A}
a pnl Hel FregiMile) - 7704 00
Toak Povition {1, 60
Arsplitande = 1 Sdfe @)
Ar [pmec) = 00139
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Fig. 6 Example of coarse-search function for the X band
(8 ch) for 3C345 observed on the Kashima-Koganei
baseline at 06:12 UT on December 3, 1995. The
video bandwidth was 2 MHz. Later, the video band-
width was set to 8 MHz for routine KSP observa-
tions. The width of the peak structure in the
direction of delay time was thus narrowed (sharp-
ened) to about 1/4 that shown in the figure.

channels. The phase difference between channels, which 1s
caused by a different local oscillator and by a different
electrical path, should thus be corrected. The PCAL sig-
nal phase is therefore used to compensate for the differ-
ence between channels.

Let the delay and delay residuals obtained by a
coarse-delay search be Art,, and A7,. Before proceeding
with a fine-delay search, we define

1

J-1 oy oA
Ds(n, k) — ‘Z] S,,(j, k, n) _e—t(ijrg wij At ALk) ) (21)

J—1,=
This is the correlation function after the coarse-search re-
siduals are corrected for. Using D,(n, k), we define the
fine-delay search function:

Y L £ i v *i(w(’)‘ArJrAgS"):'
D(AT, A X ;E[N nngs(n, ke
co MEARMEY e 22

where

A¢" = ¢mf¢w ................................................ (23)

and ¢, and ¢, are the average values of the PCAL
phase of channel n for stations X and Y, respectively.
Inside the [ ] of Eq.(22) is the delay residual compensa-
tion over different channels. Hence, the determination ac-
curacy (in general, the order of the reciprocal of the
bandwidth) of the delay time can be improved more than
that of the video bandwidth. This is called bandwidth
synthesis. An example of an actual bandwidth-
synthesizing function is shown in Fig. 7.

An 1deal bandwidth-synthesizing function is symmetri-
cal on both sides of the peak. In actual processing, the
symmetry can be used to judge whether the bandwidth

(] ch Freq.(Milz)ch Freq (Milz)
/71199 6 6234.99
772499 7 B41499
7754.99 8. 8524 99
/B14.99 9 H464 99
5 B034.99 10 B584.99

L

e T T N PR NP 1

cwN—

ANMFLTUCE

DELAY {nnec)

eh Treq (Mie)en Frog (Mite) |
I 215480 4 7204 99
2216499 5 2389499
5 223400 6 71499

AMPLITUDE
:; {
S

DELAY (nsec)

Fig. 7 Example of bandwidth-synthesizing function for
(a) X band (10 ch) and (b) S band (6 ch).

synthesis has been done properly. Allocation of frequency
channels is selected so as to minimize the side-lobe level
of the bandwidth-synthesizing function. We can use mini-
mum redundancy array theory to search for such a fre-
quency allocation. When the number of channels is few,
it is also possible to search for the combination by di-
rectly computing the bandwidth-synthesis function for all
possible combinations of frequency channels under appro-
priate limitations such as a limited number of channels
and a fixed minimum space between channels. This
method works effectively for searching for the combina-
tion of frequency channels that avoids the interference
signals that exists at certain frequencies.

Because Eq.(22) forms a two-dimensional Fourier
transform, like that in the coarse-search function, we can
use FFT to compute the function for the discrete values
of At and A%. To apply FFT to bandwidth synthesis,
Eq. (22) should be modified a little. If the lowest fre-
quency among channels is wj, we can rewrite the inside
of [ ] in Eq.(22) to

1 ¥ —i(whATEAG,)

N nngs(n, ke

= ef""’g“[L % D,(n k)e7i¢"e’i(w3’w5)Ar] .
N n=1 $ ’

The inside of [ ] in Eq.(24) can be computed by FFT.
The phase term iwyAt is compensated for later. The
search process for finding the maximum fine-delay search
function is similar to that for the coarse-delay search.
First, D(At, At) is computed using FFT for the discrete
set of At and A%. Then, the initial values of Az and
A7 where D(At1, A7) takes a maximum are found. Next
comes a mountain-climbing process. Let the delay and
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delay residuals obtained by this fine-delay search be Az,
and A7, ; the observed values of the final delay and
delay-rate residuals are given by

Aty = AT, +1ot,,  (1=0, F1, £2,.) e (25)
Aty = AT AT,y oo (26)

where ?,, is the reciprocal of the greatest common divi-
sor of the span of the interval frequency of the received
frequency channels; this is the repetition cycle of the pat-
tern in the Atz direction caused by the discrete coverage
on the frequency domain (called an ambiguity). This am-
biguity is always included in observed delays. However,
it can be removed in the baseline analysis. The ¢, and

gb,, values are the PCAL rate, which is the changing rate
of the PCAL phase imposed on the received signals to
compensate for the phase difference between channels.
The observed correlation amplitude is given by

Oops = |D(A‘L’m, Ai’m) ] ....................................... (27)

The observed fringe phase is the phase of function
D(Az,, At,) . Figure 8 shows an example of the fine-
delay search function.

4, Comparison of K-3 and KSP
Correlation-processing Results

The bandwidth synthesizing software for KSP (KSP-
KOMB) was ported from the KOMB developed for the
K3-VLBI system (K3-KOMB) so as to process the KSP
correlator output data. Although the K3-KOMB is a
Fortran program that operates on a minicomputer (HP
1000/45F or A900), a special function that can be used
only on these computers was used to reduce the processing
time. In porting the program to the KSP computer (HP-
9000/700 series UNIX workstation), we used standard
Fortran syntax as much as possible. The increase in the

FINE SEARCH FUNCTION (128x128)

(X-RAND ( 8))
o o020 Rel Freq(dHe) = 779490
Peak Pasilion (A7, 64)
amplilude = 1.532¢-03
o7 (nsec) = B8O

# Af, (H: =-00012
pofn e L (He)

o
2 pum?

o 6005

Fig. 8 Example of fine-delay search function for the X
band (8 ch) for 3C345 observed on the Kashima-
Koganei baseline at 06:12 UT on December 3, 1995.
If the characteristics of the system are ideal, the
function should be symmetrical with respect to the
direction of delay time on both sides of the peak.
Here, a little asymmetry can be seen, but it has a
negligible effect on further processes.

number of lags (from 8 to 32) of the correlation data
output from the correlator and the increase in the number
of channels (from 14 to 16) were considered when revising
the program. The first increase affected the method used
to store the correlation data and the subroutine used to
calculate the video spectrum. The second increase resulted
in a change in the KOMB output-file format. The soft-
ware for the interface to the baseline analysis was rewrit-
ten to handle the new output format.

The KSP-KOMB was tested and the results were com-
pared to those of the K3 processing. The same observa-
tlon tapes were processed by the K3 correlator and the
KSP correlator, independently. The correlator output
data were then processed by each KOMB, and the results
were compared. The data used were for 254 scans ob-
served on the Kashima-Miura baseline (about 123 km in
length) on July 25, 1995. The width of the video fre-
quency band was 2 MHz. The comparison results are
shown in Figs. 9 and 10.

Figure 9 compares the coarse-delay search, fine-delay
search, and delay rate for the X band. The x* normal-
ized by the degree of freedom (=the number of data poi
nts—1) was 2.43, 0.53, and 87.8, respectively. When cal-
culating x*, the observation errors obtained by KSP-
KOMB were multiplied by Y2 because K3-KOMB and
KSP-KOMB give almost the same observation errors.
Because the observation error output by KOMB is the
theoretical value of the thermal noise error calculated
from the signal-to-noise ratio (i.e., the correlation ampli-
tude and integration time), the error produced by the
correlator is not included. The difference between the K3
and KSP results are thus considered to reflect the error
produced by the correlation processing because the same
data were independently processed.

The x” denotes the coincidence of the actual data
scatter and the theoretical observation error. The x° for
the coarse-search delay of 2.43 means that an error a lit-
tle larger than the theoretical error occurred in the corre-
lation processing. The x° for the fine search delay of 0.53
means that the error generated during the processing was
smaller than the theoretical error. For the baseline
analysis, an additional error, o,,, is introduced to take
any unexplainable errors into account.® The error pro-
duced during correlation processing may explain part of
Ouq- The x° for the delay rate of 87.8 means that the
error generated during processing was larger than the
theoretical one. The standard deviation in the difference
between the delay rates for K3 and KSP processings was
0.24 ps/s, which is about ten times larger than the theo-
retical lo error (average is 0.026 ps/s). It has been
pointed out that the formal error for the delay rate
might be underestimated. This is demonstrated by our
comparison results. Fortunately, no bias error can be
seen, and the weight of the delay-rate data is low in the
baseline analysis. Therefore, it does not affect the analy-
sis very much. The cause of the large error in the delay
rate, however, should be resolved.

Figure 10 compares the correlation amplitudes of the
K3 and KSP processings. The amplitude with KSP
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Fig. 9 Comparison of K3 and KSP correlatlon-processmg (including correlator and KOMB processing) results. Each
error bar shows a one-o error. The x° in each figure is the value normalized by the degree of freedom (=the
number of data points —1). The data used were observed on the Kashima-Miura baseline on July 25, 1995.
The frequency band was the X band and the video frequency bandwidth was 2 MHz.
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Fig. 10 Comparison of correlation amplitudes of K3 and KSP for fine-search correlation amplitude of X band (left

panel) and S band (right panel).

processing was smaller by about 5% for both the S- and
X-band data. 1If this was caused by imperfect « priori
values used during correlation processing, the drop in the
correlation amplitude should differ between the two
bands. However, the amplitude fall was the same. This
suggests that the cause is not due to an error in the ¢
priori values. The design of the KSP correlator differs
from that of the K3 one in the number of lags (8 for K3,
32 for KSP). This might explain the difference in the
correlation amplitude.

5. Conclusions

The KOMB bandwidth-synthesizing software was ini-
tially developed for the K3 correlator. It was modified to
handle KSP correlator output data. Although the KOMB
program is large, the development was carried out
smoothly by using the old software effectively. To keep
the effect on the baseline analysis software as low as pos-
sible, we tried to keep the format of the KOMB output
the same as that of K3’s. However, part of the format
was changed due to the differences in the number of chan-
nels and the number of lags. This format change was ab-
sorbed by the interface program that creates the database
for the baseline analysis software.

The KSP correlation-processing system is the second
system (the first is the K3 one) in Japan dedicated to
geodetic VLBI observation. It enables objective evalua-
tions of the errors generated by the correlation process-
ing. Error at the time of processing can be evaluated

The data used were the same as for Fig. 9.

simply by processing the same observation data on an in-
dependent processing system. The processing error was
found to be smaller than the theoretical error for delay
time, while the delay-rate error was about ten times
larger than the theoretical one. However, no bias can be
seen in these processing errors, so they should not affect
the results of baseline analysis very much.
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