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ABSTRACT

A prototype wavefront clock system has been developed for application to the Mark-III and K-
3 VLBI systems. In this system, the reference clock used for both the frontend and backend of the
VLBI data acquisition terminal is controlled directly according to a calculated a priori delay rate.
By using this wavefront clock system'in a VLBI experiment, fringe stopping can be simultaneously
applied to all received frequencies to aid in cross correlation processing. This report discusses the
performance of this wavefront clock system and the results of some fundamental experiments.

1. Introduction

Very Long Baseline Interferometry (VLBD)(D-3) is a measurement technique in which the
baseline vector between two stations is measured by observing the different arrival time of radio waves
radiated from quasars. It is necessary in VLBI, however, to calibrate the Doppler frequency caused by
the earth rotation at signal processing. The Doppler shift has usually been compensated for during the
correlation processing in a VLBI experiment. It is possible, though, to compensate for the Doppler
shift when signals are received at each station in a method called the “wavefront clock™ technique.
Consequently, the correlation processing of data acquired by means of the wavefront clock technique
can be easier than the current processing method. In this report, we discuss a wavefront clock method
for conventional Mark-11I and K-3 VLBI systems. A significant characteristic of this method is that
the wavefront clock system controls the reference signals directly. We also investigate the application
of this technique to both a short domestic baseline and a long international baseline between Kashima
and Algonquin in Canada. This second experiment is significant because of the large Doppler
influence on east-west baselines like the Japan-Canada one. In future experiments, much of the
Doppler shift in space VLBI will be able to be removed for baselines longer than the earth’s diameter.

2. Principle of the Wavefront Clock Technique

Let us suppose that a observer is watching a wave moving on the water. This wave can be
expressed as a function of time and its height. In particular, if the height of the wave is sampled every
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S0 many units in time, then time can be denoted on the horizontal axes and the wave’s height on the
vertical axes. The height of the wave is unique to a particular point in time. In other words, the wave
has time notches (code), and such a time notch on the wave is called a “wavefront clock”.

First, let’s assume that an observer watching a wave is sitting in a stopped boat, and a clock on
the boat and the wavefront clock on the wave had time notches of equal spacing. The detected wave
would then appear like that in Fig. 1A.

Secondly, let’s assume that the boat is now moving towards the wave. The notches on the wave
would now be different from that of the boat since the velocity of the wave is constant. The notch period
of the wave would appear shorter than that of the boat. This is the Doppler shift. The observed in wave
Fig. 1B is different but similar to that in Fig. 1A.

Lastly, if the observer used the notch on the wave (the wavefront clock) as his own clock, the
observed wave shown in Fig. 1C would be the same as that in F ig. 1A. However, the clock on the wave
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Fig. 1 Concept of a wavefront clock,
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is ahead of that on the boat, which means that the observer on the moving boat could observe a wave
before an observer in a stopped boat back at the first boat’s starting point. The Doppler shift influences
both the frequency domain and time domain. After all, using the wavefront clock (time on the wave)
instead of the clock on the boat, one can offset the Doppler shift caused by the moving boat.

[tis possible to apply this theory to radio waves received from quasars. In VLBI observation, each
observed station is moving with different speed against the radio wave due to the rotation of the earth.
If we use the same clock rate such as universal time coordinates (UTC) at both stations, the observed
signals include the Doppler effect cause by the earth rotation. It is impossible to obtain a “fringe,” an
interference pattern between two signals, without Doppler cancelling using some method. In
conventional VLBI, cancelling of the Doppler shift is done after data acquisition, at the correlation
processing site. However, if a wavefront clock was used, cancelling of the Doppler shift could be done
during data acquisition at each observed station. In order to do this efficiently, the geocenter of the
carth is adopted as a reference point. This choice is a matter of convenience since it greatly simplifies
the geometry of the array. The time reference is selected to be a UTC clock located at the geocenter.
All corrections are then made with respect to this reference point instead of relative to another antenna.
Consequently, the wavefront clock signal (rate and offset) must be determined from the UTC clock.
The earth is a sphere, and stations located at different sites will generally not observe the wavefront
at the same time. In addition, the rotation of the earth will cause the signals arriving at cach antenna
to be Doppler shifted, the amount of which will vary with station location. The wavefront clock at each
station will have a different clock rate and clock offset depending on station position and star position.

2.1 The VLBI Observation Equation®-()

We consider the correlation processing between observed data of station X and that of station ¥
(Fig. 2). Letx(?) be the received signal at X station and y(¢) be the received signal at ¥ station expressed
in UTC. Suppose that a signal from a quasar is received at station Y some time delay 7, after being
received at station X. The relationship between x(¢) and y(¢) is expressed as

X(t)

Tf[\\/\)/ - e \/\/\/\/\“ﬁ-

Y(t)
VAR 2

N .n
- N \\/;U U\,\/\/\/timc

Rxv(t)

Delay

Fig.2 Correlation function.
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O=x{t-1,) 1)

The Fourier Transform of y(¢) is

V(@)= [y(t)e ™ ar

=X(@)e e, ()

where o is angular frequency of the received signal,

It is assumed that the local frequency of the X station is described as Oy, its phase as ¢, the local
frequency of the Y station as @y, and its phase as ¢,. The video signal in the upper sideband can then
be expressed as

X(0)=X(o+o,)exp(-jp,) ©>0

Y(a))=Y(a)+a)y)exp(—j¢y) ©0>0. (3)

The cross-spectrum function §'y(®) can be written as

Sy (0)=X(0)Y" (@)

=X(a)+a)x)exp(—j¢x) Y*(a)+a)y)exp(+j¢y), ................... (4)
where * indicates complex conjugate. In addition, o + o, can be expressed as
a)+a)y=(a)+a)x)+(a)y—a)x). .............................. (5)
By substituting Eq. (2) and Eq. (5) into Eq. (4), we get
Sy (@)

=X(o+ (ox)exp(—jqﬁx){X*((o + cox)exp(j(a) +a)x)rg)}exp(j(a)y - cox)t)exp(+j¢y)

= Sp(@ +a>x)exp[j{¢y ~ ¢, +(coy —a)x)t}]exp(j(a)+a)x)rg)

= J‘x(co')exp(je){exp(jarrg)exp(jco,, rg)} .................... (6)
where  0=(¢, - ¢,) + (wy— @yt :  local oscillator phase difference;
‘=o+ o, :  radio frequency;
D, =0, : local oscillator frequency.
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Ifthe total of time synchronization error, instrumental delay and propagation delay are expressed
as T,, then S”, (@) can be rewritten as follows:

Slxy((o) = Sny(w)exP(ia’Te)exp(iwo To)-

The cross correlation function R, (7) is the Fourier transform of §'y(®), as follows;

2

Ry (%)

= E:Sxx(a)')exp(ije){exp(ijwo(rg + Te))exp(ja)(rg + re))} exp(jot)dw/2n ... (7)

where +: in case of upper side band & > 0
—: in case of lower side band w < 0
7: time lag

| =[cos{0+co T +‘re} jSln{9+a) rg+‘r ]j Sxx(a))exp{]w(r+rg+r )}dw/Zn

+[cos{0+a) (r +re)}+jsm{0+a) (rg+r ]J. (w)exp{Jw(r+r +7 )}da)/Zn'

+00

—2cos{0+co 1: + 7, } 0

See (0" )cos{ (r+ rg+re)}da)/27r

—2sin{9+(o T +re} Sxx(a)')sin{ (‘r+r )}da)/27r ........... (8)

If the received signal were white noise and the bandwidth indicated by B[Hz], then

Sx(@)=1 : 0<w <2zaB
0 : other.

Equation (8) can then be rewritten as
Ry (7)
= 2cos{9+ a)o(rg + re)}j§"Bcos{w(r+ Tgt+ re)}da) 2n

—2sin{0+a)0(1:g+Te)}fgﬂBsin{ (1+7: )}da)/Zn: ................ 9
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1

27r(r+ ‘L'g+‘L'e)

+Zsin{9+a)o(1:g + Te)}m
e

=2cos{0+a)o(rg+re)} sin27rB(r+rg+re)

{cos27rB(r+ Tg+ re)—l}

g

sin KB[T+ Ty + r{,)

:rB[r+ o Tt.) cos{9+a)o(7:g + ‘re)+ n'B(r+ T+ re)}. ........... (10)

In VLB, radio emissions from a radio source several billion light years away is often received
by two stations. As the received radio wave is very weak, itis necessary to integrate a very large amount
of data and R,,(7) has to be kept to a fixed value in phase during signal integration. In Eq. (10), the
term 2B[ {sinzB(t+ T+ 7))}/ mB(T+ 14+ 7,)] provides the function’s envelope with the shape of sin(x)/
x. It is impossible to obtain a fringe without keeping the phase of the cosine function in Eq. (10)
constant.

If no frequency conversion with signal receiving and direct data correlation with radio frequen-
cies were conducted, then Eq. (10) could be rewritten as Eq. (11) below, since s &5, @, and w, are '
zero in Eq. (3) to Eq. (10).

sinnB(T+‘r +1,

£ ))cos{nB[r+ rg+re)}. .............. (11)

n:B(r+ Tg+ 7T,

R, (7)=2B

In order to obtain a fringe, the term {#B(1+ Ty + 7.)} must be kept constant, so that
drldt=—d(tg+r.)/d. (12)

This equation means that the rate of change in (74 + 7¢) can be canceled by that of 7in a process
called “delay tracking”. Delay tracking is realized by adding the delay to acquired data or by
controlling the clock rate. Equations (11) and (12) indicate that if correlation processing was
performed with radio frequencies directly, then a fringe could be obtained without “fringe rotation”,
which is explained in the following.
In general, however, the radio frequency signal is heterodyne converted (with a down converter)
to intermediate frequency or video frequency, as described by Eq. (3), and we must use Eq. (10). In |
order to keep {6+ w,(7; + 7,) + 7B(t + Ty t 7.)} constant, the rate of change of the terms in these |
brackets must be zero, and the third term here should become

dtldt= ~d(tg + T.)/dt.

This equation is the same as Eq. (12), the delay tracking. In addition, the second term of the cosine
function in Eq. (10) can be canceled by 6, so that

d0ldt = —d{w,(t5 + 1,)}/dt
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where 8= (¢, — ¢;) + (@, — @)t is the local oscillator phase difference (see Eq. (6)) and

(a)y—a)x)=—d{a>o(rg+re)}/dt. ............................ (13)

The effect expressed by Eq. (13) is called “fringe (lobe) rotation”. Fringe rotation is performed
by adding the phase to acquired data or by controlling the clock rate.

3. VLBI Methods

There are several methods for executing delay tracking and fringe rotation to cancel the Doppler
shift, as follows:

i) Conventional VLBI method

ii) Canadian VLBI wavefront clock method

iii) Kashima’s VLBI wavefront clock method.

We discuss these methods in this section.

3.1 Conventional VLBI system(5)-(10)

In this system, all frequencies are phase-locked to the fixed reference frequency from the
hydrogen maser and the acquired data includes the Doppler shift caused by earth rotation. The fringe
rotation and delay tracking are performed in the correlation processor at the correlation site, as shown
inFig. 3. In order to cancel the Doppler frequency, the fringe frequency (Eq. (13)) is multiplied to Eq.
(7), and delay tracking is performed by bit shifting. Here, bit shifting is the same as controlling the
sampling clock. In this method, it is easy to incorporate fully digital circuits.

Two kinds of loss accompany correlation processing in conventional VLBI: fringe rotation
compensation and fractional bit correction. Fringe rotation is compensated by multiplying the cross-
correlation function by exp(jeyt), where ois frequency of the fringe rotation (Eq. (13)). The function
exp(joy) can be approximated with the three-level functions (1, 0 and —1), shown in Fig. 4. In
particular, exp(joq) can be expressed as C(¢) + jS(¢) in a Fourier series:

C(t)+jS(t)= i Vm eXp[j(—l)"‘ (2m+ l)coft] ................. (14)
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Fig.3 Conventional YLBI system.
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Fig. 4 Three-level approximation.

where

2 1 s (2m+1)7r. ............................ (15)
w2m+l 8

Ym

Only the first term of the series to compensates the fringe rotation, and the others are dispersed
in correlated power. Coherence loss By is estimated by the ratio of the first term, y,, to the root sum
squares of all terms.

Yo

e T (16)
T

Substituting Eq. (15) into Eq. (16), we get

24 T
Pr=37%
=0.960. (17)

The estimated coherence loss of the three-level approximation is 4%.

Another coherence loss is discontinuous delay tracking performed by bit shifting in a correlator
buffer memory, in which the loss is due to fractional bits. Illustrated by the solid lines in Fig. 5, which
shows the delay versus time in baseband frequency, the simplest way to delay tracking is to shift one
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Fig. 5 A: Delay tracking (bit shift only), B: Delay tracking (one bit shift with 90-deg. jump).

bit of data after the delay change corresponding to the one bit has occurred. In this case, the coherence
loss is expressed as

ﬂﬂ,=%Tﬂ,j:j;”cos[zn(f—B/z)%z]m af, (18)

where B is video bandwidth in Hz and Tj, is the time required for the change in delay by one bit,
expressed as

1
Tp=——gom e (19)

dt

Substituting Eq. (19) into Eq. (18), the calculated coherence is Bp = 0.87. The estimated co-
herence loss is 13%. In conventional VLBI, in order to reduce coherence loss, the delay tracking
method shown in Fig. 5 by dashed lines is adopted. Case (a) applies when the fringe rotator corrects
the phase for zero-baseband frequency, and case (b) applies when the fringe rotator also inserts a 7/
2 phase shift when the delay changes by one Nyquist sample. Figs. 6a and 6b shows the phase across
the baseband at three and five different times. Case (b) consists of a 90-degree phase jump and bit shift
carried out simultaneously. This method is as effective as fringe stopping at the center of the video
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(baseband) frequency. Figs. 7a and 7b shows the average amplitude across the baseband for the above
two cases. The coherence loss of case (b) can be estimated by the following equation:

1 d
By :Ebe.[f_foTﬂ’cos[ﬂ(f—Bu)%t}dt A (20)

The estimated coherence is 0.966, and the coherence loss is 3.4%.

3.2 Canadian Wavefront Clock System1D(2)

This system differs from conventional VLBI systems in that fringe rotation and delay corrections
are performed at the observed station instead of at the correlation stage. In current VLBI, the
corrections are made during playback on each baseline and the data correlated. It is clear, though, that
ifthe array consists of a large number of telescopes, corrections must be made over a very large number
of baselines. The correlation system can then become complicated and costly since it is desirable to
do the corrections and correlation over all the baselines at once.

The block diagram for the Canadian VLBI wavefront clock system is shown in Fig. 8. This system
uses a fixed 1st local frequency and a phase calibration signal as in the conventional VLBI system. But
the estimated phase, which is calculated at radio frequency equivalent to the center of video frequency
is added during signal conversion in each video converter. Only a wavefront clock is used as a
sampling clock. A fringe rotation using the Canadian wavefront clock is equivalent to changing “6”
to “6 + additional phase” in Eq. (6) to Eq. (10), when the additional phase is calculated by Eq. (13).

This system can be composed of digital circuits as in conventional VLBI systems. The four-phase
clock is used for fractional bit-shift correction, the same as case (b) in Figs. 5, 6, and 7 of the previous
section. However, coherence loss, as discussed in the previous section, must be considered. The local
oscillator (for the video converter) and the 1-bit sampler are controlled by the wavefront clock whose
epoch is set equal to the time a given wavefront arrives at the geocenter.

Since the additional phase is dependent on RF frequency, it is different for each channel. It is
impossible to calibrate the Doppler shift of the upper sideband and that of the lower sideband
simultaneously. The additional phase is, of course, added to the phase calibration signal. The Canadian

P \1\
o - ~)
Video --H Formatter HRecorder
[ % converter |
Phase
calibrator ||1.ocal Add. phase Phase cal.
& detect
freq. select )
\. i )
Hydrogen maser Wavefront clock

Fig.8 Canadian VLBI system.
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VLBI system has to re-cancel this additional phase in the phase calibration signal. After re-canceling,
the phasc calibration signal is detected. The delay tracking is performed by using the wavefront clock
on sampling simultaneously.

3.3 Kashima’s Wavefront Clock System (KWFC)

This system uses the wavefront clock for signal frequency conversion, sampling and the phase
calibration signal, so that all of the station’s reference signals are phase locked to the wavefront clock.
The wavefront clock system controls the reference signals directly, and the setting resolution of the
frequency is 7 x 10713, A block diagram of this system is shown in Fig. 9. A fringe rotation using
Kaghima’s wavefront clock (KWFC) is equivalent to changing (o, — ©)” to “(wy, — @) + fringe
frequency” in UTC coordinates in Eq. (6) to Eq. (10). However, it is also possible to describe the fringe
rotation by changing “(@, — ;) of UTC coordinate” to “(@, — @) of wavefront clock coordinate”,
which is much simpler. This system can be applied to conventional VLBI systems without modifi-
cation, and to any frequency type of VLBI experiments, since d/dt is equivalent in all frequencies,
or in other words, d7/dt is independent of frequency (the fringe frequency is calculated by wdt/dt, Eq.
(13)). The fringe rotation is performed for all frequencies together so that it is not necessary to cancel
the Doppler shift in each channel. Furthermore, Egs. (7), (8), (9), and (10) show that it is possible for
KWEFC to cancel the fringe rotation for both USB and LSB simultaneously. This is impossible in
conventional VLBI and Canadian VLBI, since the rotation of fringe phase is different in both
sidebands and in different frequencies due to the use of a fixed 1st local.

The phase of each station signal is closed, that is, using the wavefront clock the phase calibration
signal is detected at 10 kHz in each station. Of course, it is not measured to 10 kHz in UTC coordinates
but in wavefront clock coordinates. We will discuss the phase calibration signal in more detail in
Subsection 3.3.1.

Next, we discuss the delay tracking and fringe rotation of the KWFC VLBI system. Letting S be
o,/ oy, then Eq. (13) becomes

a)x(l—ﬂ)=d{wo(rg+re)}/dt. .......................... (21)
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Fig. 9 Kashima’s VLBI system,
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Fig, 10 Wavefront clock delay tracking.

This equation indicates the fringe rotation, which is in the same form as the Doppler shift. In
conventional VLBI systems, the differentiated frequency o,(1 - f) = d{w,(7, + 7,)}/dt is added to the
acquired data of station ¥ in correlation processing for cancelling the Doppler shift. In the wavefront
clock VLBI system, the differentiated frequency wy(1 - f) = d{w,(7, + 7,)}/dt is added to the local
frequency of station Y during data acquisition for cancelling the Doppler shift. Multiplying the 1st
local frequency by (1 — p) is equivalent to multiplying the reference frequency by (1 - ). If we choose
to multiply the reference frequency by (1 — f), fringe rotation and delay tracking can be carried out
simultaneously, because they have identical terms in Egs. (12), (13) and (21). This is the fundamental
idea behind KWFC. The delay tracking is shown in Fig. 10; the plot shows the delay rate versus time
at baseband frequency.

The geocenter of the Earth is adopted as a reference point. The time reference is selected to be a
UTC clock located at the geocenter. All corrections are then made with respect to this reference point
instead of relative to another antenna. Since fringe rotation is done at the base station, correlation
processing can be performed over all the baselines at once.

3.3.1 Phase calibration in the KWFC method(3)

It is possible to describe the phase of a reference signal in the wavefront clock system in UTC
coordinates as follows (see Eq. (21)):

Op =(1+Q)@prs (22)

where @y is the wavefront clock output signal;
Oy is the fixed reference signal from the hydrogen maser.

The observer uses @y as if it was a reference signal from a hydrogen maser. A drive signal of the
comb generator (Fig. 11) is expressed as

D) =0Op(t=Togble ) e (23)
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Fig. 11 Phase calibration signal,

where 7.4y, i propagation delay of the cable.
The output signal (comb signal) is expressed as

(1)2 =n(D1+CD

comb

=Wp (t = Teable ) + (Dcomb 3 wuw owGm e mie M RO RE MR K S0E B0e aSE T aCe B0 ek (24)

where g = noy, n: integer (multiplexed number);
Diomp is supplement phase by the comb generator.

The output signal of the video converter @, is

D, =wpg (t_ Tcable)+ Deomb = @R Tamp ~ Pamp ~ Plocal (l ~ Tlocal ) = Diocal .- (25)

where  @y5cq =may: total local frequency for heterodyne conversion;
m is not necessarily a integer;
Tamp 18 delay of amplifier;
@,y is supplement phase by amplifier;
Dyycq1 is supplement phase by frequency conversion;
Tiocal 18 delay by transmitted cable.

This signal is delayed the same as the received signal (which includes the Doppler frequency).
Frequency is differentiated by phase. The detected frequency is thus:
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1do, 1,
2n dt _Zﬂ(wR wlocal)
1
:[E(1+a)wrefi|(n—m). .......................... (26)

The first term in brackets on the right-hand side of Eq. (26) represents the reference frequency of
the wavefront clock, the same as Eq. (22). The detected frequency is the reference frequency
multiplied by (n-m). If the right-hand side of Eq. (26) is selected as 10 kHz, the detected frequency
is always 10 kHz in wavefront clock coordinates. The phase calibration signal is always detected as
10 kHz in spite of using the wavefront clock. The wavefront clock is similar to a conventional VLBI
clock whose reference has a staggered clock rate.

4. Development of the Wavefront Clock

In our wavefront clock system, the rate of the reference clock used for both the frontend and
backend of the VLBI data acquisition terminal is controlled directly according to a calculated a priori
delay rate. This wavefront Clock method can be implemented even in conventional VLBI systems
without modification. The development of our wavefront clock system included preparation of:

1) Hardware for reference frequency control

2) Software for a priori value calculation.

Next, in order to check system performance, we carried out four kinds of experiments step by step
as follows:

1) Zero baseline experiment for checking the system

2) Short (domestic) baseline experiment for detecting the fringes

3) Intermediate (domestic) baseline experiment for checking bandwidth synthesizing capability
to obtain a precise delay time

4) Long (international) baseline experiment between Japan and Canada for checking the total
system feasibility.

4.1 Hardware

In addition to direct control of the reference signal, frequency resolution and signal clarity are
important factors in our wavefront clock system. In this regard, we have constructed two types of
wavefront clock system, as follows.

4.1.1 Direct control of the hydrogen maser’s output signal

This is the optimum method for maintaining frequency stability. It is, however, necessary to
improve the electronics of the hydrogen maser, and this makes it difficult to apply to any other station.
This improvement is necessary since the output signal of the maser physics package is fixed at
1.420405752 GHz and not controlled even if the hydrogen maser is used for a wavefront clock. Qutput
frequency from the electronics package of the hydrogen maser, however, is controlled by computer,
as shown in Fig. 12a. With this method, frequency control is very accurate and frequency resolution
reaches 7 x 10713 with a mili-Hertz resolution synthesizer.
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Fig. 12a Directly controlled wavefront clock.

4.1.2 A general use wavefront clock

Asmentioned above, the output of a hydrogen maser is a fixed frequency. In this type of wavefront
clock system, however, it is not necessary to improve the electronics of the hydrogen maser. This
wavefront clock system is established between the hydrogen maser and the VLBI system, as shown
in Fig. 12b. The source of the frequency oscillator is a BVA crystal oscillator, which has high signal
clarity and can be used as a VLBI signal reference!). In this system, the BVA crystal is used as
VCXO, which is phase-locked to the hydrogen maser. In order to obtain high frequency resolution,
the reference signal from the hydrogen maser is multiplied by PLO (phase-locked oscillator). The
frequency of the PLO is selected as 1.400 GHz. An a priori frequency value is calculated by a priori
calculation software, as described in Subsection 4.2, The VCXO is controlled by a PLL circuit and the
output frequency depends on the synthesizer frequency, which is under control of the host computer.
Since the frequency variable range of a BVA crystal is 4 x 1078, another circuit must be provided for
the high fringe rate (>4 x 107®) in for example international VLBI experiments. This circuit is realized
by a dual frequency synthesizer, whose phase is phase-locked to the BVA crystal oscillator. Fringe
rotation and delay rate between two stations’ data are frozen when the wavefront clock system is
started. At correlation processing, only the delay bits at the observation start time are provided by the
host computer. This bit shift is performed in buffer memory in the correlation processor. A fringe

10MHz I_rComputer
; e

Wavefront
clock output

Fig. 12b General use wavefront clock.

A
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rotator and the imaginary part of correlation processing are not used, which means bit shifting, delay

tracking, 90 deg. phase jump, etc., are not necessary. It is thus possible to eliminate fringe rotation and
fractional-bit coherence loss.

4.2 Software for Calculation of a Priori Value(3(15)

The observation equation of VLBI is

T= Tt Tolk t Tins FTp ettt e (27)

—~(sB)

T, =

& c
-D. .
= T{sm 8psind; +cosdpcosdycos(as—aB)} ..., (28)
where
T ¢ observed delay
Tg ¢ geometrical delay
T - time difference between two stations
Tys ¢ difference in instrumental delay between two stations
T, @ difference in propagation delay between two stations
s unit vector directed to the radio source
B :  baseline vector
D :  baseline length
¢ : speed of light
ég :  baseline vector declination
op @  baseline vector right ascension
8; : source declination
oy :  source right ascension.

The two angles that define the direction are called right ascension, o, and declination, &, The stations
are fixed on earth and B changes with the earth rotation (see Fig. 13), that is, the direction of B is a

function of time. Suppose o is the initial value of a4(f), and the earth rotation angular velocity is @,
op(1) is then

aB(t)=aBu +COet. .................................... (29)
We substitute Eq. (29) in Eq. (28), so that 74 can be rewritten as:

7o(t) =Ko +Kycos(wpt)+ Kasin(w,8) .. (30)

where
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Fig. 13 VLBI observed signal.

Ky = (-D/c)sinSgsing;
Ky = (=Dic){cosSpcosS,cos(a; — 0op,)}
K3y = (=Dic){cosdpcosssin(a, — ag,)}.

The change in the time difference between the two stations is

= +0 +—af 2
Telk = Telkoffset + O fi 5

The term Jyis the frequency difference between the two stations and ayis the aging rate difference
between the two stations. Since Tg(f) and 7.y, (Egs. (30) and (31)) consist of constant terms and time-
varying terms, each parameter can be solved by observing different sources.

As shown by Eq. (27), the observed delay includes Tgs Telps Tp and Ty, The value Ty is defined
by &, &, 8 and ap. Here a, &;, 8 are independent of the carth rotation but B depends on it. Thus,
Tg depends on the carth rotation and is expressed in terms of sine functions of time.

The value 1, is given by the observed temperature, pressure and humidity, and is treated as
constant. In addition, ;,; and the clock parameters (T, ogfeet, 35 ay) can also be treated as constants.
In fact, in the VLBI system, a hydrogen maser with high frequency stability is used as the frequency
reference. The term o can be neglected and 7,y can be linear fitted by the least square method. The
value 7.y is independent of the sources and source direction. The fringe rate including the clock rate
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can be calculated as:

Fr=ow(dt/d)

= o(drey | di+dz, / dt)
={6f+aft+coe(K2 cosw,t—K; sina)et)} ...................... (32)
where
Fr :  fringe rate in radians
or @ frequency difference between the two stations
ar :  aging rate difference between the two stations
@, : angular velocity of the earth rotation.

It should be noted that the accuracy in the above formulation is not sufficient for international
VLBI experiment. Equation (32) is applicable to short baseline experiments only. In practice, the earth
rotation is complicated, and we must calculate an a priori value of the fringe rotation in due
consideration of earth rotation parameters, such as wobble, diurnal polar motion, etc. The main routine
of this software calculates the earth rotation using a variety of data blocks, as follows:

i) Wobble matrix W

The polar motion matrix from the CIO pole to the conventional spin axis.

ii) Diurnal polar motion matrix D

The diurnal polar motion matrix.

iii) Diurnal rotation matrix S

The diurnal rotation matrix about the instantaneous spin axis.

iv) Nutation matrix N

The nutation matrix from the conventional true equator and equinox of date to mean of date.
v) Precession matrix P

The precession matrix from mean equator and equinox of date mean of 2000.0.

vi) Aberration matrix A

The aberration correction matrix, a small periodic change in apparent position of celestial bodies
due to the combined effect of the motion of light and the motion of the observer.

The models which are related to the orientation of the baseline can be treated as simple coordinate
rotations. Given that the terrestrial bascline matrix is B, the earth rotation can be expressed as:

The earth rotation matrix = matrix (APNSDWB).  .............. (33)

First, we calculate 7 every second using Egs. (33), (27), (28) and (31) and approximate it by a
fourth order equation, Second, we differentiate this equation in order to obtain a differential coefficient
to calculate fringe rate, in place of Eq. (32). This software can be run on a personal computer. The a
priori value (fringe rate) is calculated from the VLBI original schedule every 0.2 seconds and sent to
the wavefront clock hardware. ERP (earth rotation parameter) is measured by the IERS network.
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5. Results

5.1 Zero Baseline Experiment for Checking the System@3

In order to check the the possibility of applying the KWFC method to VLBI experiments, a zero
baseline interferometry experiment was performed between a fixed frequency system and a wavefront
clock system. The block diagram of this experiment is shown in Fig. 14. In Kashima, we have two X-
band receiving systems, called system A and B. The received X-band signal from the sky is divided
and sent to the two systems by a power divider. If correlation processing can be carried out between
the two signals, then it is clear that a good fringe could be obtained.

__| Hydrogen
26m PO aer
\ antenna |X-band| |X-band I
Fele d bic —|_ K-3 Data J | K3
. Acquisition | Correlation
Hyl{n i K-3 Data . Processor
Noise X'-band| [X’'-band _|- AchISlhon 1
Source [Feed D/C E—IOST Computer]
| =
PLO Wavefront
clock

Fig. 14 Block diagram of zero baseline experiment.

In this correlation processing, it is not necessary to use fringe rotation. A fixed local system as
in conventional VLBI systems is used in system A, and a wavefront clock system is used in system
B. The origin of the reference signal in both systems is supplied by the same hydrogen maser. To
simulate an actual VLBI experiment, we let system B represent Tsukuba station and system A Kashima
a 55 km baseline. The obtained raw data using the wavefront clock (system B) is equivalent to data
received in Tsukuba. Conventional correlation processing was performed between acquired data on
system A and system B using the K-3 correlation processing system, which is used in actual
international VLBI experiments. The ERP values for a priori calculation software are obtained from
forecast data of IERS. Since KWFC does not perform a delay cancel during data acquisition here, the
a priori value of delay in correlation processing is zero. If there is no compatability between the
conventional VLBI system and the KWFC system, then a good fringe should be obtained. The results
are shown in Fig. 15. The correlated amplitude by a wavefront clock method can stand comparison
with a conventional VLBI method. The success of this zero baseline experiment demonstrates the
basic feasibility of the KWFC method and breaks new ground as a pseudo VLBI signal generator for
checking a correlation processor.
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; Real Imag.

Fig. 15 Results of zero baseline experiment.

5.2 Short Domestic Baseline Experiment for Detecting Fringes

A domestic VL.BI experiment on a 55 km baseline between Kashima and Tsukuba was carried out
after the VLBI experiment above. The wavefront clock system was operated at Kashima station only
50 as to compensate the Doppler shift relative to Tsukuba station, which was used as a reference point
instead of the earth geocenter. Correlation processing was carried out using the K-3 correlation
processor. The only given parameter was Ty, calculated at the wavefront clock start time; other
parameters were zero. Good fringes were detected, as shown in Fig. 16. The detected fringes are
rotating very slowly, this in accord with the differential of the hydrogen maser clock rate, which was
measured by another time synchronization method.

Fig. 16 Results of short baseline experiment.
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5.3 Intermediate Domestic Baseline Experiment for Checking Bandwidth Synthesis®
! to Obtain Precise Delay Time

An experiment to check the bandwidth synthesis was carried out on a 1000 km baseline between
Kashima and Chichi-jima. The wavefront clock system was operated at Kashima station only.
Bandwidth synthesis was successfully performed and a residual delay obtained with an error better
than 0.1 nsec, which demonstrated that the wavefront clock system is applicable to geodetic use. The
results are shown in Fig. 17. The bandwidth synthesis technique can be applied to precise geodetic
VLBI measurements. The phase calibration signal is detected at 10 kHz, the same as in conventional
VLBI systems even with use of our wavefront clock system.
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Fig. 17 Results of intermediate baseline experiment (bandwidth synthesis).
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Fig. 18 Block diagram of long baseline experiment.
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5.4 Long International Baseline Experiment between Japan and Canada for Checking
Total System Feasibility

An experiment on an international baseline 9100 km in length between Kashima and Algonquin
Observatory in Canada was carried out in March 1990. A “burst sampling” technique was employed
instead of continuous sampling, because it was impossible to take an entire K-3 system, and the K-4
system had been operating in Antarctica at that time. Unfortunately, Algonquin has no Mark-IIT
terminal or delay calibrator, and the hydrogen maser was in maintenance. The receiving band is L-band
only. The wavefront clock system, K-3 Formatter, K-3 Decoder and control computer were shipped
to Algonquin from Kashima. A block diagram of the system is shown in Fig. 18. The data acquisition
took place in a 1-Mbit buffer in the decoder, and the data was recorded on the control computer’s hard
disk. The acquired data was 12 blocks of 0.25 sec data sets. In Kashima, we operated a K-3 system.

The data obtained at two stations was correlated in a computer using special correlation
software(!®). Good fringes were obtained, as shown in Fig. 19. Consequently both portability
(independent of data acquisition system) and feasibility of our wavefront clock system were confirmed
by the experiment.

Algonquin 46m - Kashima 34m

Source : 3C345
PRT : 1990y 67d 15h 5m 30s
Integration 2.884 sec

0.5 i T

Eff%ﬂmewwLmeM

-64.0 -32.0 0.0 32.0 64.0
Delay in psec

Amplitude in %

Delay tesidual

Fig. 19 Results of long baseline experiment.
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6. Discussion (problems awaiting solution)

Our wavefront clock system has the following problems which need to be addressed:
i)  Time connection problem between observations (same as keeping time in UTC)
ii) Phase lock delay problem

iii) Correlation of phase calibration signal and DC offset problem.

1) Time connection problem between observations (same as keeping time in UTC)

Since the equipment described above includes no UTC clock, it is impossible to keep UTC time.
After initiating the wavefront clock, time on the formatter drifts along with the wavefront clock. This
is the same situation as described in Section 2, in which the observer on a moving boat observed the
future wave for a stopped boat at the starting point (Fig. 1), but in this case, the observer has no clock
on the boat. It is impossible to connect the time between observations (Fig. 20). We are planning to
prepare a UTC clock, whose reference signal and wavefront clock’s reference signal are supplied from
one maser (Fig. 21).

delay tracking error

time reset
| / time reset error
v

tau W

II\

UTC time

NUlime reset

: real dela
time reset error

IWavefront clockI iV\«'aw,fronl CIOCRI
start stb tdrt
Obsarvation b/s Obsarvaliorf top

avefront clock off

Fig. 20 Time connection problem.

ii) Phase lock delay problem

PLL consists of two processes for entering phase lock: one is “flicker process” and the other is
“phase lock-in process”. The lock-in time of the flicker process is longer than that of phase lock-in
process as shown in Fig. 22. In these experiments, the wavefront clock starts at schedule start time,
but itis not phase locked to the reference signal immediately, resulting in coherence loss. In the future,
after incorporating a UTC timer, the wavefront clock for fringe rotation will start before the schedule
start time, and after phase lock, it will start exactly at start time for delay tracking (sampling clock).
In addition, we plan to design a digitally controlled wavefront clock system.
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Fig. 21 Keeping time in UTC for wavefront clock. ‘
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Fig. 22 Phase error of PLL. |

iii) Correlation of phase calibration signal and DC offset problem |

Using the KWFC system, problems occurred in correlating phase calibration signals and DC |
offset due to the sampler, just as in zero baseline experiments under conventional VLBL

The phase calibration signal is used to compensate for the instrumental delay and phase change,
and is necessary for the bandwidth synthesis method. However, it may cause error in the VLBI
correlation process. In fact, without fringe rotation, as in KWFC or for slow fringe rates in
conventional VLBI, the output of the correlation processor has sine wave components consists of 10
kHz and 1 MHz+ 10 kHz sine waves in a video signal. Using KWFC, the received signal and the phase
calibration signal do not include the Doppler shift, because the Doppler shift in the received signal is
already canceled at the observation site. The correlation of the phase calibration signal is not diffused.
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!

Fig. 23 Correlation problem in phase calibration signals.

1
2

Figure 23 shows the correlated raw data and illustrates this effect in the case of a slow fringe rate in
conventional VLBI. The abscissas are lag, and the ordinates are correlated amplitude. In VLBI
observation with a long baseline, the signal from the star exhibits Doppler shift due to earth rotation,
which has to be corrected by fringe rotation in order to obtain the fringe. In the process of fringe
stopping, the phase calibration signal is rotated by the Doppler frequency and the coherence of the
phase calibration signal is lost. As a result, the cross correlation is not affected by the phase calibration
signal. But in VLBI observation with a zero or short baseline, the Doppler frequency between two
stations is zero or very small. In such a situation, the results of cross correlation can be affected by the
phase calibration signal. We can remove this effect by software, using phase calibration phase data
acquired by the correlation processor, Details are described in reference(!3).

The effect due to the 10 kHz phase calibration signal can be eliminated by software, while the
effect due to 1 MHz + 10 kHz (Fig. 23 part (1)) can be removed by changing the frequency of the phase
calibration signal in 5 MHz steps instead of 1 MHz steps (Fig. 23 part (2)).

This method, however, is not a fundamental solution. In future, we would like to design a
modulated phase calibration signal for our wavefront clock system.

7. Conclusion

It is possible to compensate for the Doppler shift when signals are received at each station in a
method called the “wavefront clock™ technique. Correlation processing of acquired data by means of
the wavefront clock technique is found to be easier than current processing. We have adopted a system
in which the rate of reference frequency used for both the frontend and backend of the VLBI data
acquisition terminal, is controlled directly by a calculated a priori delay rate. This wavefront clock
method can be beneficial to users of conventional VLBI systems without any modification. In VLBI
experiments using our wavefront clock system, fringe stopping is performed on all receiving
frequencies simultaneously, which is advantageous to cross correlation processing. The wavefront
clock system used for the present experiments was a prototype for which only basic performance could
be checked. Future work will be devoted to solving problems uncovered by the prototype and to
developing a fully functional wavefront clock system.
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