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Abstract—This paper reports algorithm and technique for the
accurate phase calibration in order to measure current and voltage
waveforms at the terminals of two-port microwave devices. The
calibration approach presented in this paper does not require
any multi-harmonic coherent signal generator and golden standard,
reported in earlier papers, thus allowing the system to be more
reliable, generic and accurate. The results achieved using the reported
calibration algorithm on a developed measurement setup shows good
agreement with those obtained on a standard commercial scope. In the
end, it has been shown that the developed algorithm and measurement
setup can be adapted for carrying out waveform engineering which
clearly identifies the application of this work in the characterization
and measurement of microwave devices.

1. INTRODUCTION

Time-domain waveform measurements and engineering technique has
established its importance in the characterization of microwave power
devices and design of power amplifiers [1-4]. They provide good
understanding of device behavior and also generate extremely useful
data for the investigation of device behavior and its nonlinear modeling
using modern computer aided design tools [5,6]. The ability to
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visualize waveforms helps in the determination of the optimal device
operating point and performance, whereas the shape of the waveform
aids the amplifier designers in determining the appropriate input and
output impedances and, in turn, the matching circuits. The waveform
measurement systems are also useful in the determination of operating
classes of power amplifiers such as class-F and class-F~! [7, 8].

The waveform measurement systems rely on the ease, accuracy
and flexibility of the associated calibration algorithms for the overall
confidence in the measured data. In principle the calibration algorithm
used for error correction in a vector network analyzer (VNA) [9] is
only appropriate for measurements on the ports of linear device under
test (DUT). In the VNA calibration, all the individual error terms
are not required considering that measurements are carried out to
measure the ratio of traveling waves at the DUT ports. However,
the measurement of current and voltage waveforms at the ports of
nonlinear DUTSs require absolute knowledge of phase and amplitudes
of each error terms at each harmonic component in order to accurately
extract the waveforms from the measured traveling waves.

There have been several techniques such as power de-
embedding [10] that can determine the absolute magnitudes of indi-
vidual error terms. However, most of the time the determination of
absolute phase values of the error terms at harmonic frequencies rely
on a certain type of nonlinear golden standard in achieving the desired
accuracy in phase calibration and measurements. Some of the systems
rely on step recovery diode (SRD) [1] while some others rely on ac-
tive device based standard phase reference generators [11-14]. There
has been report of alternative calibration technique [15] that requires
several procedural steps in order to perform the necessary calibration,
but this is a tedious process and is not straightforward. Majority of
the reported algorithm are not generic, are cumbersome and time con-
suming.

The calibration algorithm reported in this paper eliminates
the need for the phase reference generator in the calibration
process and thus achieves inherent accuracy and reliability. The
developed algorithm is simpler and requires less computation steps
and thus significantly expedites the measurement and calibration
time. Furthermore, the calibration algorithm does not rely on the
use of harmonic generator to achieve accurate waveform measurements.
Additionally, this paper reports the use of the calibration algorithm on
a multi-harmonic phase-locked receiver (MHR) in the development of
a reliable waveform measurement system. Overall, this paper provides
an enhanced waveform measurement system for the characterization,
measurement, and modeling of microwave devices.



Progress In Electromagnetics Research C, Vol. 28, 2012 211

e
r

= = .
4 = = | & —
T === S
ST
I Multimeter 4 SWA\ 1 Microwave Transition Analyzer
32 |

b—Parallel Port

Switching Control

l AA AL Circuit ¢

" 0
?bz > 7 b
é - RF eneramr—
- DC2 C. Yy
alT *bl >< 2 swi ——H :

=]
] 1 — RFPath
c —— DCPath

bc1 —— GPIB Path

Figure 1. Block diagram of the proposed measurement system.

2. DESCRIPTION OF THE MEASUREMENT SETUP

The proposed waveform measurement system is shown in Figure 1. To
validate the ability of the proposed calibration algorithm to provide
accurate waveform measurements, a setup has been built around a
two channel MHR. A harmonic receiver operates in a similar way
to a conventional superheterodyne receiver; the main difference is in
the mixing process. In a harmonic receiver the local oscillator signal
is first passed though a comb generator prior to being applied to
the mixer. This effectively generates multiple harmonics of the local
oscillator signal meaning that multiple sections of RF spectrum can
be simultaneously captured. Microwave Transition Analyzer (MTA)
works as MHR in this measurement setup but the developed calibration
algorithm described in this paper is equally applicable for any other
MHR.

The radio frequency (RF) signal is routed to the device under
test (DUT) from the RF source via switch 1 (SW1). The sampled
incident and reflected waves are sent to the first channel of the MHR,
CH1, via switch 2 (SW2). The second channel of the MHR, CH2, is
used as a reference channel by receiving a sample from the RF signal
coming from the source via the power divider. The switching matrix
is controlled using the parallel port of the personal computer (PC)
via a programmable peripheral interface (PPI, Intel 82C55A). The RF
generator and MHR are controlled with a general purpose interface
bus. In the setup, the measurements are performed at the MHR as
ratios between CH1, as the receiver of the incident and reflected waves
to be measured, and CH2, as a reference channel.
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Figure 2. Error flow graph depicting the error terms between the
DUT and MHR ports.

3. SYSTEM CALIBRATION

The error signal flow graph depicting the error boxes between the DUT
and the MHR is shown in Figure 2. The terms with subscript M refers
to the measured quantities at the port of MHR, whereas the terms with
subscript dut refer to the quantities at the DUT ports. The voltage
and current waveforms at the ports of DUT are related to the traveling
waves at the respective ports. For example, the respective voltage and
current at port 1 of the DUT is given by Equations (1) and (2).

Vidut = V Zo(a1dut + b1dut) (1)

(a1dut — b1dut)
I = — 2

ldut \/70 ( )
Accurate extraction of waveforms requires the determination of
traveling waves at the DUT ports in terms of the measured traveling
waves at the MHR ports. Error flow graph given in Figure 2 can be
solved to determine the relationships, given in Equations (3) and (4),
between the traveling waves at the MHR ports and the port 1 of the
DUT.

The error parameter ejpegr, in Equations (3) and (4), represents
the reflection tracking for the error box between port 1 of the MHR
and port 1 of the DUT. It consists of two factors; e1g which represents
the forward-loss from the measuring instrument and the DUT port,
while egy represents the reveres-loss from port 1 of the DUT to the
port 1 of the MHR. Both values of e;g and eg; are complex and they
affect the magnitude and the phase of the RF signal hitting port 1 of
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the DUT.
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The denominator in Equations (3) and (4) contains only the value of
eo1, which means that; it is necessary to calculate the error parameter
eo1 separately in order to get the correct phase of the incident and
reflected waves at the DUT. This is because the phase of eg; can not
be extracted from the phase of the error parameter (ejgep;) calculated
as one-term without calculating the second error parameter ejg. It is
evident from Equations (3) and (4) that the determination of incident
and reflected traveling waves at the DUT port 1 requires knowledge
of individual terms of the error flow graph, especially for the error
term eg; in Equations (3) and (4) as described. Therefore an enhanced
calibration, which determines the absolute phase and magnitude values
of each error terms, needs to be carried out in the measurement system
in order to accurately extract the waveforms at the ports of the DUT.
This section describes the two step calibration process for
calculation of the error terms. Similar expressions that relate error
terms of error box between the MHR and port 2 of the DUT and
traveling waves at port 2 of the DUT can also be derived [2].

3.1. First Calibration Step (S-Parameter Calibration)

The first step is the usual VNA type calibration for the determination
of error terms egg, €11 and egierg. For the first port measurement,
following expression relating the reflection coefficient at the MHR, port,
I'pr, and reflection coefficient at the first port of DUT, I'y,:, can be
derived from Figure 2.

r —Aell
Typ = eqq + COLE10" ldut el 1dut + €00 (5)
1 —enlagw  —enliau +1

where, Ae; = (egoe11 — eo1€10) - (6)

Measurement of open-short-load (OSL) standards at port 1 and
application of (5) gives three set of linear equations which are
summarized as Equation (7) in matrix form.

€00 1 ToxTyo ~To 17" I'mo
€11 = 1 FS X FMS —FS X FMS (7)
Ael 1 FL X FML *FL FML

where:
I'pr0: the measured value of the open standard.
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I'prs: the measured value of the short standard.

Ty the measured value of the load standard.

I'o: the value of the open standard, which equals 1.
I's: the value of the short standard, which equals —1.
I'z: the value of the load standard, which equals 0.

The error terms egy, €11 and egieig between the port 1 of the
DUT and the MHR can then be calculated using Equation (7). The
error terms ess, ego and eszeszs between the port 2 and MHR can
be obtained by connecting a THRU standard between port 1 and
port 2 as shown in Figure 2. The error terms e3s3, ez2 and eozess
as a function of the measured S-parameters of the THRU standard is
given in Equations (8)—(11).

ens — St — eoo (8)
ti1 + en(Sur — eoo)
tooeqy
€ = Sopor — ————— 9
1—ejie33 ©)
t11 = ep1e10 = epoe11 — Aeq (10)

(1 —epress)’
71511 (11)

where S117, Sio7, S217, and Soor are the measured S-parameters of
the THRU standard connected between port 1 and port 2, and ¢1; and
too are the reflection tracking parameters representing ports 1 and 2,
respectively.

Equations (7) and (8)—(11) allows the calculation of error terms
€00, €11, €22, €33, egre1g and esgegs of the error boxes between the
MHR and the DUT ports, and is therefore referred as the S-parameter
calibration stage. These calculations of the error box parameters
enable the extraction of the incident and reflected traveling waves
at the DUT ports using power de-embedding [9]. The power de-
embedding allows the possibility of relating the phase of fundamental
component to the phase values of distinct harmonic components
and therefore this measurement technique is called relative waveform
extraction technique [2].

However the measured waveforms using power de-embedding
technique may not represent the actual waveform present at the DUT
ports due to phase ambiguity considering that the this approach
although allows the determination of magnitudes of individual error
terms but the phase of error terms eg; and ejg or egs and ez are still
calculated as one error parameter egiejg or eszess, respectively. In
practice, the phase ambiguity does not have a big effect, especially
when the power amplifier works in its linear region; but this can show
significant ambiguity in the waveforms when the power amplifier (PA)

tog = egze23 = S127521T
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works in the nonlinear region, as demonstrated in the measurement
validations section. Therefore to address this concern, absolute phase
and magnitude of each error terms are required which we term as
enhanced calibration procedure described in next section.

3.2. Second Calibration Step (Enhanced Calibration)

With the THRU standard connected between ports 1 and 2 in the
second step, the two possible values of egierp can be calculated
using (12) and (13) as follows [15, 16].

So17(e10e23)? — S1ar(€n1€10) (eazesn) = 0 (12)
S
v i\/ 12T(601;10)(632623) _ (13)
21T

Knowing the length of the THRU standard, the appropriate solution
for the transmission tracking between the first and second DUT ports,
ep1e23, can be selected using the inequality represented in (14)

e

Re [ } >0 (14)

So1
where v is the propagation constant, [ is the length of the THRU
standard and So; is the measured S-parameter of the THRU standard
connected between ports 1 and port 2.

In this calibration step, a coaxial cable with known S-parameters
is connected between port 1 of the DUT and the measuring port of the
MHR. This calibration step is key point in the determination of the
absolute values of ep; and ejg. Connecting the coaxial cable between
port 1 of the DUT and the measuring port of the MHR gives the ability
to measure directly the traveling wave, bcoq:, at port 1 of the DUT.
Figure 3 indicates that the measured traveling wave, b.oqz, is function
of the error parameters of the first error box and the S-parameters of

sﬂcoax"f—i‘bcoax—’I

I'wnr

100X i
Sl

ax

Figure 3. Error flow graph of the setup with coaxial cable between
the MHR and port 1 of the DUT.
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the coaxial cable as given in Equation (15). The S-parameters of the
coaxial cable can be either measured by a calibrated VNA or by the
setup developed up to second calibration step described in this paper.

The error flow graph in Figure 3 can be solved using Mason’s rule
to obtain the expression for the error term ejo given in Equation (15).

o <bcoaz> <(1 - 6115'116'011:1:) (1 - FMHRSQ2coax))
€10 =

arm S21coazx
_ <bcoaa:) ((ellrMHRS21coaxS1200ax)> (15)
1M SQlcoaJ:

The determination of absolute value of individual term eg; enables the
calculation of error parameters from Equations (16)—(18) which are
obtained from simplifications of Equations (10), (11), (13) and (15).

eptelo tin

€01 — = (16)
€10 €10
elope
e = 20 (17)
eo3€32  tog
e3g = —— = — (18)
€23 €23

Once the error parameters have been calculated, the incident and
reflected waves at ports 1 and 2 of the DUT, shown in Figure 2, can
be de-embedded using (3), (4), (19) and (20), respectively.

€32€923 — €33€ (&
o = () (55

—e 1
bodut = ( 33) azm + () bonr (20)
€23 €23

The extraction of incident and reflected waves at each port of the DUT
allows the accurate measurements of current and voltage waveforms,
from Equations (1) and (2), at port 1 and port 2 of the DUT.

4. MEASUREMENT VALIDATIONS

4.1. Waveform Measurements

The calibration algorithm and the measurement system have been
verified using a medium high power Mini-Circuits ZHL-42W power
amplifier, which was driven at 0.5 GHz with a 17V DC bias while
considering up to five harmonics. To demonstrate the functionality
of the developed waveform measurement system, the amplifier was
driven at different input power levels, so that the measurement
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could be carried out and verified in the linear and nonlinear regions
of the power amplifier operation. The obtained waveforms have
been compared to those obtained from a commercial 4 Gbps digital
oscilloscope (Tektronix TDS 794D) [18], for validation of the voltage
time-domain waveforms at the DUT ports.

The measured voltage waveforms using the commercial scope and
the developed system based on enhanced calibration algorithm show
a good agreement when the amplifier is operated under linear mode,
Figure 4, while there is slight difference in the nonlinear operation,
Figure 5, considering that the developed system captured all the
spectral component of the voltage waveform whereas the scope could
capture spectral lines only up to the four harmonics for the chosen
excitation of 500 MHz due to limited bandwidth of the commercial
scope.

To visualize the accuracy achieved in the measured voltage
waveform using the enhanced calibration reported in this paper, the

Voltage (V)
°
Voltage (V)
o
¢
.

——scope | 15 —Scope

- = =Setup == =Setup

0.0 1.0 2.0 3.0 4.0 5.0 6.0 00 e zo i A 0 6:0
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Figure 4. Output voltage Figure 5. Output voltage
waveforms of the ZHL-42 power waveforms of the ZHL-42W power
amplifier at —9 dBm input power. amplifier at —3 dBm input power.
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Figure 6. Output voltage waveforms of the ZHL-42W power amplifier
at 0 dBm input power.
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obtained voltage waveforms in the nonlinear operation mode of ZHL-
42W when compared to those obtained under similar bias and drive
conditions using the commercial scope and the relative calibration
algorithm [2]. Tt is evident from Figure 6 that the voltage waveform
obtained using the relative calibration algorithm is way off the target
when compared to those obtained using commercial scope. The
enhanced calibration and the commercial scope show better agreements
with the difference only emanating due to the limited bandwidth of the
commercial scope.

4.2. Waveform Engineering

To evaluate the waveform engineering capability of the developed
measurement system, a gallium nitride (GaN) 28 V, 4 W high electron
mobility transistor (HEMT, NPTB00004) [20] mounted on a fixture
(Focus Microwaves PTJ-X-N) was measured in a non-50 €2 impedance
environment. The non-502 impedance can be created by load-pull
system [21-23], but in this case a simple coaxial harmonic tuner (Maury
Microwave Corporation 2612C2) was connected at the output port
of the transistor to generate the required non-50¢2 impedances. The
transistor was biased at Vg3 = —1.4V and Vy, = —28V through the
bias tees connected to the drain and gate of the transistor.

The output current and voltage waveforms, measured at three
different output impedances, are shown in Figure 9. The output
impedances for these cases have been measured for a fundamental
frequency of 1 GHz and four harmonics at an input power of 20 dBm,
as indicated in Table 1. It is evident from Figure 7 that the system is
able to measure the voltage and current waveforms for different load
impedances. The transistor gives a quasi distortion-free voltage and
current waveforms at its optimum load impedance, case 1 in Table 1

Table 1. Output reflection coefficient measurements of the power
amplifier at 1 GHz fundamental frequency and 4 harmonics.

Case Output Reflection Coefficient
Qf, @2f, @3f, @4f, @5 f,
0.63 0.788 0.347 0.234 0.736
Case 1
£41.9° £110.8° Z —61.1° £92.4° Z —0.4°
0.26 0.78 0.58 0.196 0.75
Case 2
Z —15.5° £110.3° Z —128.5° £78.8° Z—1.5°
0.786 0.805 0.33 0.207 0.21
Case 3
Z —70.4° Z —3.4° £11.52° £98.9° £12.8°
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Figure 7. Measured waveforms Figure 8. Comparison between
for different output impedances the measurements of the scope
at 20dBm input power for an and the developed system for the
NPTB00004 GaN HEMT transis- waveform of case 3.

tor at a fundamental frequency of

1 GHz.

and Figure 7, generated by the harmonic tuner at the transistor output.
The distortions in waveforms start to appear when the impedances are
varied to non-optimal values, cases 2 and 3. As a consequence, the
transistor begins to lose its gain and behaves in nonlinear manner.

In order to validate the measured output waveform in a non
502 environment and to increase the trust in the measurement, the
measured waveform of case 3 was compared with the measured voltage
waveform using a commercial 18 Gbps high-speed scope, (Hewlett
Packard 54750A) [24] under similar operating conditions. The results
in Figure 8 show good agreement; thus, it can be concluded that
the developed waveform measurement and engineering system can
be trusted during its deployment in microwave device optimization,
characterization and measurements.

5. CONCLUSION

This paper presented a comprehensive calibration procedure for
waveform measurements, based around a two-channel receiver setup.
The developed calibration strategy discards the use of the golden
standard and, thus, significantly improves the existing calibration
techniques reported earlier [7,9,13]. It has been systematically proven
that the developed calibration procedure and measurements provide
accurate results. The measurements carried out by this setup can
therefore be trusted when deployed in the application of microwave
characterization. The significance of the determination of the phase
of the error parameters, eg; and ejg, has been demonstrated through
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measurement results.

The proposed calibration algorithm utilizes a standard signal
frequency generator and does not rely on the use of a multi harmonic
generator to calculate the error box parameters at fundamental and
harmonic frequencies. The algorithm is also applicable to any multi
harmonic phase-locked receiver based measurement system.

Finally, it has been demonstrated that the measurement
system is capable of performing waveform engineering measurements.
The comparison of waveforms obtained in 50€ and non 502
impedance environments, using the developed system and the standard
commercial scopes, shows good agreement. This enhances confidence
in the measurement data obtained from the developed measurement
system.
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