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1 Introduction

The Thru-Reflect-Line (TRL) algorithm for deembedding the scattering parameters and hence the
impedance of a Device Under Test (DUT) has been implemented in LabVIEW. This algorithm
helps obtain the correct impedance of a device placed between mismatched ports.

The nonideal port at each end of the two-port DUT is modeled by an ideal port in cascade with an
error box (Figure 1). The scattering parameters are measured for three known conditions between
the measurement planes M1 and M2, using the Network Analyzer. The scattering parameters of
the Error Boxes A and B are then determined, and the scattering parameter and the impedance of
the DUT is calculated.
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2 Scattering Parameters and Impedance

A common way to measure the longitudinal coupling impedance of accelerator devices is to
model the beam with a wire and then measure this system with a vector network analyzer. Unfor-
tunately, the high impedance of the wire pipe system is difficult to match to the 50 ohm ports of
the network analyzer and the resulting reflections can severely degrade the accuracy of the mea-
surement. The network analyzer typically used in these measurements provides accuracy
enhancement through the use of Open, Short and Load standards. These standards are difficult to
construct in the pipe and wire geometry. Therefore, the TRL calibration scheme that relies on sim-
pler standards is used to regain the desired accuracy.



The scattering parameters of a microwave network give the relationship between the incident
waves and the reflected waves at its terminalst.

FIGURE 2.
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The HP 8753 Network Analyzer measures the four scattering parameters upto a frequency of 6
GHz.

Also defined is the transmission matrix which gives the relationship between the input quantities
and the output quantities. This is useful when two ports are connected in cascade, because the
transmission matrix of the cascaded ports is equal to the product of the transmission matrix of
each port.
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The transmission matrix can be obtained from the scattering matrix as follows:

R = I8 Sy 1
=Syp 1 S21

For the measurement of the longitudinal coupling impedance of accelerator devices, the beam is
simulated by a current in a wire placed at the axis of the pipe. The longitudinal impedance is given

byl

(Sy; (ref) =5, (DUT))

=2
Z(w) = 220 5, (OUD

where S21(ref) is the scattering parameter with DUT replaced by a reference pipe, Z0 is the char-
acteristic impedance of the pipe wire system.

This report describes the scattering parameter correction.

3 Program Algorithm

The scattering parameters between the measurement planes M1 and M2 (Figure 1) are measured
for the following four cases:

Thru Measurement:The measurement planes M1 and M2 are connected and all the S parameters
are measured.

Reflect Measurement: A reflective load of unknown reflection coefficient I" is connected at the
measurement plane M1 and Sy is measured. The reflective load is connected at measurement
plane M2 and Sy, is measured.

Line (Delay) Measurement: A nonreflecting transmission line of arbitrary length is connected
between M1 and M2 and the S parameters are measured. The length of the transmission line
should not be a multiple of half wavelength. Therefore a second set of S parameter measurements
are done with a second transmission line such that its length is not a multiple of the length of the
first transmission line. At the frequencies where the length of the first transmission line is a multi-
ple of half wavelength, the program uses the second set of measurements. See Sec 4.

Device Measurement: The device is placed between the measurement planes M1 and M2, and
the S parameters are measured.
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The transmission matrices R, and Ry of the error ports A and B are determined as fol-
lows3L4LI5].

Ry = R,Ry )
Ry is the transmission matrix obtained from the thru measurement
Ry = R R;Rp 2)

R, is the transmission matrix obtained from the line measurement

R, = {e OJ is the transmission matrix of the nonreflecting delay line.
0 ¢

From (1) and (2)

RyR,y = RyR,

where R,, = R.RL = {mll ml2
M brr [11121 m22

Determining R_A and R_B_

For Port A, write
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Solving equation (3) foraand b,
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Select a and b such that lal > Ibl.



Similarly for Port B
RpRy = RiRyg

where R.. = R-IR.. = |[n1lnl2
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Solving equation (4) for c and d,
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Select ¢ and d such that Icl > Idl.

The reflection coefficient I is determined as follows

FIGURE 4.
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w1 = Sy when Port A is connected to the reflective load, I is the reflection coefficient of the load.
Also for a reciprocal network IRl = 1 gives

_ 1
ICED) ©

With Port B connected to the load,

_ T (w2+c)
5= i\/(c—d) (w2 +d) @)

k

w2 = Sy, when Port B is connected to the reflective load.
For the reciprocal network B, IRgl =1 gives

1
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From Ry = RARB

7

R.. = (karc+pbsd kar+pbs
krc+psd kr+ps

Therefore
P'(3) (a-b)b+a

Sur = ©)
PG @+

From equations (5), (7) and (9)

T =+ (S11r—a) (wl—=b) (w2+d)
N (Syr—b) (wl—-a) (W2+c)

After determining T, p and s are determined from equations (5) and (7); k and r are determined
from (6) and (8). In the Thru-Short-Delay (TSD) algorithm, T is set to -1.

The sign of p, k and 1, s is selected by comparing the sign of R pRp with that of Ry. The sign of T’
is determined by knowing whether the load is closer to a short or an open.

Determining the Scattering matrix of the device
Rypur = RaRpyrRp

Rympur is the transmission matrix obtained from the device measurement. Rpyr is the transmis-
sion matrix of the device.

-1 -1
Rpyr = Ry RypyrRy -

Spur the scattering matrix of the calibrated device, is obtained from Rpyr,



4 Experimental Results

A LabVIEW program with user interface is written to implement the above algorithm. The pro-
gram can collect data from a Network Analyzer via GPIB bus or read data from a file. Measure-
ments were done with a 400 MHz filter as a device. The device is connected to the two ports of the
Network Analyzer and a mismatch is placed at Port B. Fig A1 shows the S21 parameter of the
uncalibrated device. Fig A2 shows the S21 parameter of the device obtained from the above cali-
bration algorithm. This matches with S21 parameter in Fig A3, which shows the device measured
with the Network Analyzer and no mismatches at either Port. As mentioned in Section 2, the Net-
work Analyzer cannot in general deembed S Parameters, as it requires gating of the mismatches
and also requires precision standards (short, open and matching load) which are not available for
a 300 ohm system.

Length of delay

The frequencies at which the length of the delay line is an integer multiple of half wavelength, i.e.

A - . . ..
l = ZFn—z— , both eylande g F1 and the transmission matrix is degenerate. Therefore, at these

frequencies, measurements from the second delay are used. The length of the second transmission
line should not be a multiple of the length of the first transmission line.

Ry, =¥l [(1) ﬂ at these values. The ‘delayvariable’ (dv), which gives the difference between the

diagonal elements of Ry, is set to one at these values and gives a criteria for switching to the sec-
ond delay. Figs A4 and A5 indicate where dv = 1, and the value of S21 at these frequencies. The
length of the delay is 16 cm. Fig A6 and A7 give the value of dv and S21, with a 59 cm delay. Fig
A8 gives the corrected S21 of the device, using the two delays. The value of dv =1 should not
overlap for the two delays. Delays of lengths say 23 cm and 59 cm would be better. Delays of
appropriate lengths have to be built for experiments.
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