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Abstract—The unknown-thru calibration technique is being used
to achieve a system level calibration at millimeter wave frequencies
(>50 GHz) on the robotic ranges at NIST. This two-port
calibration requires the use of a full bi-directional measurement,
instead of a traditional single-direction antenna measurement. We
explored the value of the additional data acquired. We find that
we can use this information to verify antenna/scan alignment,
image the scattering from the positioner/facility, and perform a
first order correction to the transmission data for uncertainties
due to LO cable flexure.

I. INTRODUCTION

It has been shown that vector network analyzers (VNA) can
be used to great effect in antenna measurements [1,2]. However,
in most production antenna scanning applications, measurement
speed and costs are usually overarching concerns. Bi-directional
calibrations and scans with a network analyzer take longer than
conventional measurement receivers because at least twice the
number of measurements and four times the data are required in
comparison to the single-direction case. These measurements
must be taken at different times to isolate the forward and reverse
scattering parameters. Such measurements take more time and
require more resources, system drift can increase with longer
operational times and space-time coordination between the
forward and reverse measurements can complicate processing.

Despite the many operational drawbacks, a fully calibrated bi-
directional system can reveal information on antenna-to-antenna
interaction (is the scan too close), real-time drift checks for cable
bending or other environmental changes. The redundant
measurements can also provide a consistency check. When using
broad frequency sweeps, we can use software position correction
to compensate for the moving probe results. Then we might use
more tools, like time domain gating, to examine and remove
extra reflections, back image to the antenna-under-test (AUT) to
assess scan alignment and see changes in horn reflections.

We hope to show that the extra effort and resources
associated with this measurement might lead to some advantages
in situations where lower uncertainty measurements are desired.

II. CROMMA AND THE UNKOWN THRU

The Configurable Robotic Millimeter Antenna (CROMMA)
facility, Figure. 1, is based on two robotic structures [3]: the

probe positioner is a six degree of freedom (DoF) serial robotic
arm with 15 pm resolution. The antenna under test (AUT)
positioner is a parallel hexapod positioner with 0.2 pum
resolution. These motion stages are guided by a laser tracker
with ~10 pm accuracy. This resolution is acceptable for
positioning antennas, but it is larger than the 3 um machining
tolerances specified in the UG-385/U connector specification.
Further exacerbating the situation, the RF hardware is
mechanically linked to several large and heavy (~ 10 kg) laser
tracker targets, so precise connections for calibration and
normalization, are difficult.

Since we cannot perform a robotic-guided mechanical
connection between the robotic arm and the hexapod mounted
equipment, we use the unknown-thru calibration to characterize
and remove the systematic effects of the VNA from the desired
transmission between the antennas. The unknown-thru requires
a full reflection calibration on each port, which establishes the
port-to-samplers’ loss and phase relation for each port [4,5]. A
reciprocal thru and a frequency spacing that avoids aliasing in
the electrical length of the unknown-thru is needed to establish
the relative phase relations between the samplers.

Assuming reciprocity between the ports and through the
antennas, i.e. S2/=S12, this allows us to calibrate each port and
perform a “thru” given a minimal loss (< 30 dB) between the
probe and AUT. The robots are sufficiently accurate that the
“unknown-thru” reference point can be repeated to less than 30
pm, better than A/80 for these tests, and be used as a drift check
and re-calibration point during the measurements.
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Figure 1. The CROMMA facility installed at NIST.
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A. Antennas

We characterized a WR-08 system feed horn operating
across a frequency range of 112—125 GHz [6,7]. To characterize
the radiation from the AUT, we performed a three-antenna gain
extrapolation with the AUT (a WR-08 feed horn), the probe (a
p==1 antenna), and a 15 dBi pyramidal horn. The on-axis gains
were determined via the extrapolation method [8]. Then the far-
field (FF) pattern measurements were performed on the probe,
using the pyramidal horn. Finally, spherical near-field (SNF)
scans of AUT were performed using the probe.

B. Idealized S-parameters

One issue with using remote mixing and fully bi-directional
measurements is that there are multiple ways to introduce errors.
In Figure 2, we see a block diagram of the VNA setup. Changes
in the local oscillator (LO) cable, Croi, affects primarily waves
a; and b;, while changes in Cro2 affects waves a2 and b, If
harmonic mixers are used, changes in the LO signals at the
mixers may not linearly transfer through the mixers.
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Figure 2. Simplified signal block diagram for a bi-directional
frequency-converting two-port VNA measurement. The source
is not shown as changes in the source signal are minimized by
the ratioed nature of the S-parameter measurement.

If Figure 2 is idealized by perfect couplers, ideal and
balanced mixers and matched interfaces, we can assume that the
received wave parameters aj, b; are just frequency offset
versions of a,, b, with a shift due to the Croi cable of C;e/#L01,
This allows us to simplify the S-parameter calibration equations:
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(1) shows that cable stress on the LO cables will directly affect
S27 and S72 but has little effect on S;; or S22. To first order, S/
and Si2 will change reciprocally, so taking the geometric mean,
(85,81)Y% ~ \[byb,/aja, = b,/a, = S,,, should give a
better estimate of the actual transmission. In the ideal case, S5,
and S, have opposite LO induced phase shifts, but practically
there are non-linear amplitude shifts as well. As we can’t
directly measure the LO cable changes [9], we are forced to
minimize phase and amplitude variations in the LO cabling [3].

C. Setup and Calibration

We align the antennas for a given antenna test and note the
encoder counts for the robot, hexapod and rotator. Our
alignments, once calculated and checked with the laser tracker,
are mechanically repeatable to /50 [3]. This allows us to depend
on the long-term stability of the alignments and calibrate the
mmWave equipment as needed. Figure 3 shows a
conceptualization of the VNA system. The LO which generates
the phase and amplitude reference at mmWave, needs to be
properly routed to minimize stress on the cabling [3].
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Figure 3. The RF setup of CROMMA. The LO cables (solid
lines) from the VNA to the mmWave converters are the major
contributors to drift due to bending and temperature.

We chose a nominally aligned position along the on-axis
extrapolation path (d = 75 mm) as the unknown-thru point,
Figure 4, and noted encoder counts and path to the unknown-
thru point so it can be repeated with minimal robotic backlash
and maximum repeatability. The calibration was then performed
from 103.2503 to 133.2503 GHz in 100 MHz steps at an
intermediate-frequency bandwidth (IFBW) of 100 Hz, which
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Figure 4. Calibration of the VNA on CROMMA during the AUT
tests. The left shows characterization of the ports using the
calibration kit standards. The right shows the “‘unknown-thru” at
the 17 © main beam offset and a separation of 75 mm.



yielded approximately 100 dB of flange-to-flange dynamic
range. While this setup resulted in an unaliased distance of ¢/Af
= 3 m, much longer than the scan distance or the anticipated
unknown-thru length, it provided improved estimation of the
insertion phase and delay of the unknown-thru.

III. MEASUREMENSTS AND RESULTS

After the broadband calibration, pattern and gain
measurements were taken at the desired frequencies of
112.7503, 118.7503 and 124.7503 GHz [7].

A. Bi-directional Gain-Extrapolation

The three-antenna extrapolation method [8] can return more
than the far-field gain and polarization of the antennas. Using
the unknown-thru, we can also infer the free-space reflection
coefficients of each antenna and attempt to assess the effects of
multiple reflections [8,10]. Figure 5 shows the transmission loss
between the antennas and the difference between the forward,
S21, and reverse, Si2, measurement. This difference should be
ideally near zero dB, not exactly zero as the unknown-thru
calibration requires measurements be taken at different times,
and the probe was constantly moving. Figure 6 shows the
insertion phase (and inferred distance from phase) versus
separation [3]. As the phase measures relative distance, the zero
error was set at 75 mm, where the unknown-thru was measured.

Figure 6 shows a 0.018 mm shift between the forward and
reverse measurements. At close distances (<50 mm), the phase
is taking the expected deviation from flat as the antennas are
electrically very close. At far distances (>350 mm), we see
deviations probably due to excessive cable flexure. In the central
region, we expect to see an approximate 0.016 mm difference as
the robot is moving at a Imm/s velocity and at 100 Hz [FBW,
the measurement time is approximately 2*0.8/I[FBW=16 ms for
the bi-directional measurement.

0 0.4

S12

— — 821
difference

—02

Insertion Loss (dB)

I

'
o
)

[=]
Difference Forward - Reverse (dB)

40 \ \ \ \ 04

0 100 200 300 400 500
AUT to Probe Distance (mm)

Figure 5. The on-axis co-polarized insertion loss between the
AUT and the probe. Since the unknown-thru calibration requires
a bi-directional measurement, we see the effect of movement and
LO cable flexure on the measured transmission.
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Figure 6. Comparing the insertion phase (and inferred distance)
from the VNA to the direct distance by the laser tracker, as well,
as the VNA inferred differences in distance using S2; and Si..

Continuing the examinations of the extrapolation data, Figure
7 shows the reflections at both ports as distance increases. It is
common to correct the extrapolated pair gain and the measured
pattern in near-field scanning by the free space reflection
coefficient. Measuring the actual reflections show that even at
2D’/ the reflections have not fully settled to a stable, much less
the far-field state. So, correcting the results to just the FF, or
free-space, reflection value may not remove all the near-field
reflection induced errors in the final gain result [8,12].
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Figure 7. Examining the reflections seen by the AUT (top) and
probe (bottom) as distance increases.

B. Bi-directional Pattern Measurements

The SNF scan distance of 125 mm was chosen, because
during the extrapolation scans, the change in measured
reflection variations seen by the probe were less than £0.1 dB,
see Fig. 7. Other measurement parameters are listed in Table 1.
If the reflections seen by the AUT were fully considered, the
choice of scan distance may have been larger.



TABLE 1. PATTERN MEASUREMNT PARAMETERS.
Parameter Description
Frequency 112.7503, 118.7503, 124.7503 GHz
Scan Type Spherical
Coverage Double coverage — upper hemipshere
Hrange -90° < 0<90°
grange 0° < ¢ <360°
Angular Ap=AO=1°
increment
Radius 125 mm
IFBW 200 Hz
Measurment time | 8 ms ~2*(0.8/[FBW) Bi-directional
Modal Analysis 2kaaut ~ 100 modes
A¢ ,AB ~360 modes, asssures oversampling
Robot velocity 10 mm/sec

C. Examining the transmission data and pattern.

Similar to the extrapolation data, S2; should equal Si2,
however, the robot is moving. To keep our positional
uncertainties low, we do not want to move the probe more than
A/50 during the primary, forward, S2; measurement. At 10
mm/sec, the 4 ms single direction measurement transits 40 um
or A/62.5. This means using the laser tracker data for the reverse
measurement, we can expect a systematic ~A/30 offset. We
processed the forward measurement, Figure 8, and calculated the
pattern and compared it to the simulated pattern, Figure 9.
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Figure 8. The on-axis co-polarized forward near-field insertion
loss between the AUT and the probe.

We see both the raw near-field (NF) and far-field (FF) data,
show that there is an asymmetry in the pattern. We believe that
the alignment is acceptable as the FF peak lies on the ¢=0° axis.
We expected that there may be some asymmetry along 6
because the 17° waveguide bend/transition may cause a non-
uniform phase illumination of the aperture.

D. Examining the reflection data

Figure 10(a) shows the raw reflection data seen at the AUT
and probe measurement ports. The raw S;; and S22 include the
FF reflection of the individual antennas, as well as, the unwanted
AUT-to-probe interaction and other reflections seen by the
probe and AUT. We extrapolated the complex reflection data,

Figure 9. Simulated (top) and measured (bottom) Far-Field
patterns for a WR-08 corrugated antenna.

Figure 7, to infinity to determine the free space reflection
coefficient of each antenna. These values were subtracted from
the reflection scan data, Figure 10(b). While there is rather
limited mathematical basis for using reflection data in the near-
field to far-field (NF2FF) forward transform, we wanted to see
the results of processing the reflection data through the forward
NF2FF transform, Figs. 10(c)-(d). We then examined the
resultant “patterns” for qualitative analysis purposes.

The raw subtracted SNF data, Figure 10(b), show the direct
horn-to-horn interaction centered at ¢=0°, 6=17°. It also
highlights alignment accuracy between the AUT and the probe.
Reflections from the robot, the room, the AUT flange and
mounting structure can also be seen. The FF “pattern” data,
10(c)-(d), seem to suggest that these interactions may be
removed by using a limited transmission equation which
includes multiple reflections [13]. We should examine the
possibility that there is sufficient data to do this from the bi-
directional measurement.
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To attempt this change in the transmission equation, the
subtracted SNF reflection data needs to be spatially or modally
gated and the energy needs to be properly accounted for in the
transmission parameter. This is an exercise for future analysis.

E. Forward versus Revese transmission data

We compare S2; and Si2 in Figure 11. The difference in the
forward and reverse measurements are generally less than £0.5
dB when the signal is within 20 dB of the peak at ¢=0°, 6=17°.
If we can assume that to first order (1) holds and that the LO
induced signal error is reciprocal in S2; and Sz, this can lead us
to believe that the uncertainty in S2;, versus uncertainty the final
measured result, due to cable flexure can be limited to
approximately half of the difference in Figure 11 [9].
Furthermore, using the geometric mean of the forward and
reverse measurements in the NF2FF transform, may result in a
lower uncertainty level compared to a single-direction
measurement.

Figure 11. Difference (in dB) between S2; and Si2. Levels are
less than 0.5 dB in the region within 20 dB of the peak.

IV. DISCUSSIONS AND CONCLUSION

We performed extrapolation and SNF measurements from
112 to 125 GHz, in the WR-08 waveguide band. The inability to
make a direct connection between the AUT and probe ports lead
us to use the unknown-thru calibration technique to remove the
systematic effects in the VNA and WR-08 extender heads.
While at first glance, the disadvantages of the increased
complexity over the single source/receiver setups used in many
systems and the increased measurement time were troublesome,
we found that insight from the additional data could be
advantageous.

Especially when using harmonic mixers, LO cable changes
during movement can affect measurement results. The most
important insight we garnered is that, to first order, the bi-
directional two-port measurement can be used to characterize
and minimize the effect of LO cable changes by combining the
forward and reverse measurements.

This extrapolation data show that the horn-to-horn
interaction may be significant and could affect the extrapolation

and NF pattern data, even though the SNF measurement radius
was greater than D2/ at approximately 50A.

The reflections taken during the SNF measurement can be
used to assess the level of AUT-to-probe interactions and may
show setup and facility imperfections. Finally, the possibility
exists that there is enough information in the reflection data to
reduce the AUT-to-probe interaction in the final SNF pattern
data and improve the uncertainty of the SNF measurement
pattern and gain results.
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