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Variable Termination Unit for
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Abstract—The National Institute of Standards and Technology
(NIST) has upgraded its capability to measure noise parameters
on low-noise amplifiers with a variable termination unit (VIU) in
the frequency range of 1-12.4 GHz. Such a unit allows improved
time efficiency and accuracy in the noise-temperature measure-
ments used to de-embed the noise parameters of amplifiers. We
present the design and characterization of the VTU. The measured
results of one particular amplifier at integer frequencies ranging
from 8 to 12 GHz show satisfactory accuracy. The VTU method
is also validated by comparison with the results from the manual
method.

Index Terms—Amplifier noise parameters, noise measurement,
source pull technique, uncertainty analysis.

I. INTRODUCTION

APID developments on low-noise amplifiers (LNAs) have

generated interest and the need for accurate measure-
ments of noise properties [1]-[3]. In general, amplifier noise
is measured using the Y-factor method under the condition of
50-Q termination. However, the determination of IEEE noise
parameters (minimum noise temperature Ty,;,, noise resis-
tance R,, and optimal complex reflection coefficient of the
source I'ops) reveals intrinsic noise properties and is of more
practical importance, particularly for bare transistors [4].

The National Institute of Standards and Technology (NIST)
has established the capability to measure noise parameters for
both packaged LNAs [5] and on-wafer LNAs and transistors
[4]. We adopted a source-pull approach that varies the im-
pedance seen at the input of the amplifier. Previous measure-
ments of noise parameters at NIST were very time consuming,
owing mainly to the manual connection and disconnection of
different terminations. To expedite the measurement, we have
recently designed and built a variable termination unit (VIU),
allowing automated switching to multiple input impedance
states and both ambient and nonambient temperature termina-
tions for the amplifier under test.

In addition to the manual and VTU methods, there are
other alternatives for producing multiple impedance states.
Automated tuner systems have widely been used in load-
or source-pull measurements in the microwave design and
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manufacturing industry. A tuner system can provide excellent

coverage on the entire Smith chart at its operating frequencies.

However, tuners often exhibit poor repeatability and require
real-time measurement of the impedance [2]. This leads to-
sophisticated metrology architecture, including extra compo-

nents, such as low-loss couplers and highly repeatable switches,

and a vector network analyzer (VNA). Electronic calibration

modules are another possible option. They were originally

designed for single-connection VNA calibration to reduce

errors arising from mechanical connections. The electronic

calibration module can be programmed to output a limited

number of impedance states, which are predefined by the

manufacturer. Although the electronic calibration module can

potentially be used as a compact and programmable multiple

impedance provider, its repeatability, in terms of the reflection

coefficient and output noise, is presently unknown. In addi-

tion, highly reflective impedance states are difficult to achieve

from the electronic calibration module, particularly at higher
frequencies.

In this paper, we present the newly designed VTU as an
extended work to our previous short report [6]. The new version
of the VTU inherits the basic design concept of the old version
and bears a few improvements that we intended to make in
[6]. A detailed design consideration of the VTU, including
termination choices, thermal stability, and vibration control, is
described in Section II. Section IIT shows the characterization of
the VTU, in terms of its impedance mapping and repeatability
check. A packaged amplifier operating in the frequency range
of 8-12 GHz was measured with the VTU, and the results are
presented in Section IV. Some discussions and conclusions are
given in Section V.

II. DESIGN OF VTU

The VTU consists of three switches, i.e., one two-way switch
(first stage, SW1) in connection with two identical six-way.
in-line switches (second stage, SW2A and SW2B), as shown
in Fig. 1. All the switches are electromechanical for low loss
and highly repeatable performance. In addition, unlike their
solid-state counterpart, electromechanical switches are passive
components; therefore, the added noise contributed by them to
the system is well known.

The common port of the two-way switch is connected to a
PC-3.5-to-PC-7 adapter, which serves as the output of the VTU.
Port 1 of SW1 is connected to the common port of SW2A
through an SMA adapter, which consists of two L-shaped
connectors. Port 2 of SW1 is connected to the common port of
SW2B in the same manner. The SMA adapter is used to release
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Fig.1. VTU architecture. The 12 ports are available for device terminations to
provide multiple impedance states and different input noise powers. The entire
unit is housed in an aluminum enclosure.

any mechanical stress due to the connection since the closest
distance between the common ports of SW2A and SW2B is
slightly larger than the separation between ports 1 and 2 of
SWI1. A total of 12 ports of SW2A and SW2B are available
for device terminations.

A. Choice of Terminations

The choice of terminations is somewhat arbitrary. As long
as the VTU provides no fewer than four different impedance
states, the four noise parameters can numerically be solved
by fitting. However, keeping some criteria in mind, we can
minimize the propagation of measurement errors and ensure
sufficient data redundancy.

The effective noise temperature as a function of the source
reflection coefficient can be represented as

4R, Ty [Topt — s|?
Zo |1 + I‘op's|2 (1 - |PS|2)

Te = Tmin + ¢))
where I'g is the reflection coefficient of the source; Zj is
the reference impedance, which is nominally 50 ; and T =
290 K. To simplify the discussion, we express (1) in terms of
the source admittance Ys = Gg + jBg, i.e.,

T
Te=Tmin+R'n 0

[Yopt — Ys. 2

By taking the first-order derivative of (2) and assuming
a first-order approximation that the errors between the four
noise parameters are uncorrelated, we obtain the following
expression:

AT, = ATpio + 22 [Yop — Yo x AR,
S
2 T
R” °(Gopt Gs) X AGopt
| 2RaTh
R” "(Bo,,t Bs) X ABop:. ®3)
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Equation (3) offers useful information on the selection of
appropriate input sources. Regardless of any input source im-
pedances, the measurement error has the same impact as the
error for Tr,in. However, the use of admittance states closer to
the optimal value Y, results in augmented errors of Ry, Gops,
and Bgpt. To keep the uncertainty in noise parameters small,
we prefer to use mostly the admittance states that are not close
to Y;,pt.

The impedance is usually well matched for a packaged
amplifier. Therefore, highly reflective devices would be good
candidates for the input termination of packaged amplifiers in
noise-parameter measurements. On the other hand, bare tran-
sistors lack input-matching networks and may therefore require
different types of terminations to minimize the uncertainty of
all noise parameters. As the main focus of this paper, the
VTU design for the noise-parameter measurement of packaged
amplifiers will be discussed.

In addition to the individual impedance values, the overall
impedance coverage of the VTU on the Smith chart is also
essential. Because the paired ports on the two six-way switches
(for example, the first port of SW2A and the first port of SW2B)
have approximately the same physical length from the reference
plane, they should be closely phase matched. To obtain wide
coverage, we use open and short pairwise configurations on the
first four ports of SW2A and SW2B, resulting in impedances of
nearly 180° apart for paired ports. In other words, the first four
ports of SW2A are occupied by opens, whereas the first four
ports of SW2B are occupied by shorts. The rest of the ports
are organized as follows: The fifth port of SW2A is terminated
by an SMA short in connection with a 3-dB attenuator, the
fifth port of SW2B is terminated by a matched load, and the
sixth ports of SW2A and SW2B are left for external device
connections, such as noise diodes and cold sources (normally
a reverse-configured LNA).

B. Temperature Stabilization and Vibration Control

The output noise power of passive components is propor-
tional to their physical temperature. The old VTU was found
to be unstable temperaturewise [6]. The newly designed VTU
incorporates a temperature-regulation feature. All the compo-
nents are mounted on a water-cooled fixture, and the entire
unit is housed in an enclosure with electronic interfaces and
water line hookups. In addition, the switches are unbiased
most of the time to prevent heat dissipation, except for a short
time period during port switching. A calibrated thermistor is
integrated inside the VIU to provide real-time temperature
monitoring.

‘We also experienced mechanical vibration problems on the
old VTU when the contact was toggled from one port to
another. The vibration translated the movement to the external
connector, resulting in reduced repeatability and measurement

- inaccuracy. This problem is particularly crucial in the on-wafer

environment since the probe contact on the substrate can easily
break due to mechanical vibration. All the switches in the new
VTU are securely clamped to solid brass brackets that are all
mounted on a massive water-cooled base plate. Clamp stiffness .
produces a mechanical restraint that diminishes the vibration.
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During the measurements, we also set a dwell time after each
toggling before the data are measured.

The vibration is greatly reduced for the newly designed VIU,
and the temperature fluctuation of the components is within the
range of +0.05 K at the regulated temperature (~296 K).

III. CHARACTERIZATION OF VTU

The VTU was characterized on a VNA in the frequency range
of 1-12.4 GHz. The VNA was calibrated using the two-port
thru—reflect-line (TRL) method [7] in the frequency range of
2-12 GHz and the one-port short-open~load method in the
frequency range of 1-2 GHz. Appropriate power levels must
be taken into account when probing the reflection coefficient of
the VTU terminations. In particular, a low power level (—35 ~
—40 dBm) must be used for the cold source in order not to
distort the low-level linear response of the LNA.

A. Phase Match

The VTU is constructed using identical paired parts, such
as adapters and six-way switches. We expected a good phase
match along the paired ports. However, the characterization
of the VTU showed a clear phase difference over the entire
frequency range for all paired ports. The phase difference of
the first four pairs was less than 20° below 8 GHz and became
as large as 40° at about 11 GHz.

The total phase difference can be broken down to the con-
tributions from the SMA adapters, ports 1 and 2 of SW1, and
two SW2s. We checked each part by individually measuring
them. We found that most of the phase difference came from
the two SMA adapters that linked SW1 to SW2s. For example,
SMA adapters counted for 74% of the total phase difference at
8 GHz. They appeared even more poorly phase matched at
higher frequencies. In principle, PC-3.5 adapters will provide
a better phase match than SMA adapters. However, L-shaped
adapters are not practically available in the PC-3.5 format.

B. Impedance Constellation

Although the phase match of paired ports was below our
expectation, the impedance mapping of the VIU on the Smith
chart is of more practical interest. The reflection coefficients

of all terminations were measured at the reference plane (the.

output PC-7 connector) using the TRL-calibrated VNA.

We made various arrangements by using paired PC-3.5
adapters of different lengths connecting short and open termi-
nations to the ports to adjust the phase delay between paired
ports. We were able to acquire impedance coverage of four
quadrants on the Smith chart at all the integer frequencies in
the frequency range of 1-12 GHz, which will provide sufficient
redundancy for noise-parameter simulation. A constellation of
reflection coefficients at 9 GHz is shown in Fig. 2.

The impedance coverage could be improved at any specific
frequency by inserting an adjustable airline between the switch
port and the termination for phase delay fine tuning. Howeyver,
we have not done so, because we are more interested in the

Fig. 2. VTU impedance constellation at 9 GHz. The impedance states of
12 terminations show good coverage on four quadrants of the Smith chart. Most
of the impedances are far from the match point, which meets the design criteria
for packaged amplifier characterization.
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Fig. 3. Standard deviation of the complex reflection coefficients of termina-
tion 3 of the VTU for a total of 25 measurements in five different days. The
standard deviations of all the VTU terminations are below 0.003, which is an
indication of good repeatability.

broadband performance: Better coverage at one frequency may
cause poor coverage at others.

C. Repeatability

The VNA was offline during the noise-parameter measure-
ments in our VIU setup, unlike a tuner system. The data
files of the reflection coefficients previously taken on the VNA
were used for noise-temperature measurement. Therefore, the
measurement accuracy heavily relies on the repeatability of the
VTU. We performed a thorough repeatability check to gain
knowledge and assurance of the VTU performance.

The VTU was toggled to each port five times, and the
complex reflection coefficients were measured for each port.
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Fig. 4. Noise-temperature measurement setup. The components in the dashed
box represent part of the NIST NFRad system.

Temperature regulation was enforced the entire time during
the measurements. The standard deviation was below 0.001 for
both the real and imaginary parts of the reflection coefficients
for all terminations, except the cold source. As mentioned
earlier, we were forced to apply much less incident power while
measuring the cold source. The reflected power would even be
lower due to the good port match of the cold source. This led to
power sensing close to the bottom of the dynamic range of the
VNA samplers, resulting in more random noise.

The same procedure was repeated for five days, and all data
sets were analyzed, showing a standard deviation of below
0.003 (1o) for all terminations, including the cold source.
~ The standard deviation as a function of frequency for one
particular termination (termination 3) is shown in Fig. 3.
The positive result of this repeatability check lends confi-
dence in the implementation of the VTU in noise-parameter
measurements.

IV. NOISE-PARAMETER MEASUREMENT AND FIT
A. Measurement Setup

The setup of noise-parameter measurements on a packaged
LNA operating in the frequency range of 8-12 GHz is shown in
Fig. 4. The NIST NFRad system was used as the noise power
measurement instrument [8]. The known noise temperature of
the ambient and cryogenic standards defines the reference for
the noise temperature of the LNA under test.

A 26-dB attenuator was inserted between the LNA and the
radiometer to ensure that the NFRad system operated in its
linear region. Prior to the noise-parameter measurement, the
reflection coefficients at planes 1, 2, and 2’ for each termination
of the VTU were measured on the VNA, and all the data were
transferred to the personal computer that controls the NFRad.
The input noise temperatures at plane 1 for all nonambient
terminations, such as the noise diode and the cold source, were
measured first. Next, the output noise temperature at plane 2/
was consecutively read 40 times for all 12 VTU terminations
connected to plane 1. The noise temperature at plane 2 can
be inferred from the output noise available at plane 2’ by the
knowledge of the available gain of the attenuator. In addition
to the forward configuration, the LNA input was connected to
the NFRad system, with its output terminated with an ambient
matched load, to measure the reverse radiation from the LNA
input.
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Fig. 5. LNA noise-parameter measurement arrangements. (a) Forward and
(b) reverse configurations.

B. Noise-Parameter Fit

The general theoretical framework of the noise-parameter
fit is outlined in [4]. We use the wave representation [9] to .
model the noise parameters of a linear two-port device, such
as an amplifier. For convenience, we express the output noise
temperature in terms of X parameters, which are directly
associated with the intrinsic noise wave of the amplifier. The
noise temperature for the forward and reverse configurations is
given by

SEENIEE I
+ Xz +2Re [%%n]} | “
Ti= (1—]11"‘1|2){lSllzlligS;I::;'z) .
+ % X2+23e [%”

®

respectively, where the S;;’s are the S-parameters of the LNA,
and I's and Ts are the source reflection coefficient and source
noise temperature, respectively. I's represents the reflection
coefficient at plane 2 for the forward configuration, as shown in
Fig. 5(a), and I'; represents the reflection coefficient at plane 1
for the reverse configuration, as shown in Fig. 5(b).

Equations (4) and (5) are basic formulas used in the fit-
ting program. In addition to four noise parameters [X;, X,
Re(X12), and Im(X715)], the reduced gain, which is defined by
Go = |S21|%, can be computed as an unknown variable. The fit
is insensitive to the phase of So;, as an immediate result of (4)
and (5), where the considerably small value of Sy» keeps the
terms consisting of Sp; negligible. First, we perform a fit on
the data from the measurements of the forward configuration.
The unknown variables can, be redefined, and the problem can
be solved in a manner of linear least-square fitting. Next, the
acquired values are considered as a set of starting seeds of
nonlinear least-square fitting for all data including both forward
and reverse configurations. The uncertainty associated with the
noise-temperature measurement is used as the fitting weight for
the corresponding data set. The fitted X parameters are finally
converted to IEEE parameters, according to their relationship
presented in [10].

Fitted results of the LNA at integer frequencies are shown in
Fig. 6(a) and (b). The error bars indicate the overall standard
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Fig. 6. Fitted results of (a) LNA Tynin and (b) LNA |Topt| from five days
of VTU measurements. The error bars indicate the standard uncertainty (1o).
(Dotted line) Fitted result of the manual method. A fairly good agreement is
observed for all measurements.

deviation, which is a combination of types-A and B uncer-
tainties. Type-A uncertainty is the direct outcome of the least-
square fitting program. Type-B uncertainty is evaluated through
an improved Monte Carlo simulation program [10]. The un-
certainties in T, at all frequencies are below 3%, which is
an improvement of more than a factor of 3 with respect to the
previous result [6]. Here, we note that the uncertainty presented
in [6] was mishandled and should be three times larger than the
error bars in the plot. Some of the improvement in the noise-
parameter fit is due to an improved treatment of the attenuator
in the uncertainty analysis [10], but a significant amount of
the reduction in the overall uncertainty is attributable to the
improved VTU.

‘We performed the same noise-parameter measurements over
five days. The comparison of fitted results shows a good
agreement between different days, which indicates the high
repeatability of our measurement instrumentation and verifies
the VTU method. A slightly large discrepancy (~2 K) for Tinin
at 12 GHz between five-day measurements may be due to larger
noise resistance R,, at high frequencies, resulting in a higher
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output noise power from the LNA. The fact that we were able to
perform a full set of measurements in less than a day represents
a major savings of time, compared with the manual method,
which would require at least a week for a set of measurements.

V. DISCUSSION AND CONCLUSION

The accuracy of the VTU measurement was further con-
firmed by checking the LNA with the manual method. Both the
VTU and manual methods predict the same trend of T, as
a function of frequency, as shown in Fig. 6. The growth of the
minimum noise temperature with increasing frequency matches
the noise figure specification provided by the manufacturer of
the LNA. In addition to the measurement error, the drift of the
packaged LNA is noteworthy. We have observed a long-term
(~3 years) drift of more than 1-dB change in the LNA gain. For
the time duration of this work, the gain of the LNA has changed
by about 0.01 dB (0.2%), which is within the measurement
uncertainty.

The extension of the VTU architecture to higher frequencies
can be implemented using the components of the right types
of connectors. For example, electromechanical switches are
available in the PC-2.4 connector format with its operating
frequency of up to 50 GHz. PC-2.4 switches exhibit a sim-
ilar repeatability performance as PC-3.5 switches. Although
PC-2.4 switches produce more attenuation at higher frequen-
cies, the higher insertion loss will not substantially limit their
capability of the impedance coverage on the Smith chart.

In conclusion, we have successfully upgraded the measure-
ment capability for noise parameters with a newly designed
VTU. The VTU exhibits highly repeatable performance and
provides an automated and accurate measurement solution.
The time efficiency has improved by at least a factor of 5,
compared with that of the manual method. In addition, the
new method eliminates the measurement error arising from
multiple connections and random drift from day to day. The
VTU is a fully stand-alone module and can easily be operated in
different places. Although the result shown in this paper is in the
frequency range of 8—12 GHz, the VTU will function well in the
entire design frequency range of 1-12.4 GHz. We also expect
that the VTU is adaptable for use in on-wafer measurements
and can help mitigate the problems that we encountered in the
previous characterization of transistors [4].
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