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Abstract—This paper presents a new procedure for phase
detector measurements that allows the use of generators that
share a 10 MHz reference oscillator but do not synchronize
in phase, in other words, quasi-synchronized RF generators.
The objectives are taking advantage of the benefits of using
two generators but recovering lower-cost generators that have
worse synchronization performance and opening the door to
the possibility of using a very simple control element based
in Arduino Uno and cheaper instruments. The new procedure
is characterized by continuously alternating calibration and
measurement sequences to make up for the phase drift of quasi-
synchronized generators and guarantee a maximum phase error
specification (£+1° in this paper). Data acquisition has been
divided in two stages: measurement of detector curves without
phase reference (in-phase and phase-shifted) and measurement
of reference data. All the data is later combined to obtain
correctly referenced in-phase detector curves. The technique
can be reproduced with other equivalent instrumentation. The
novel procedure that allows compensation for errors (amplitude,
phase shift, mismatching, etc.) is detailed, and its relation to
the required measurement accuracy is amply discussed. The
proposed technique is applied to characterize a phase detector
based on in-phase and phase-shifted multiplication from 3 to 8
GHz with 1 GHz step. Measurements have a final maximum error
of £2° for both frequency and calibrated input power, according
to the accuracy specifications of the VNA used to calibrate the
signal distribution network, added to the +1° specified in this
new procedure.

Index Terms—Phase detector measurements, calibrated phase
measurements, synchronized and quasi-synchronized signals, mi-
crowave analog multiplier phase detector.

I. INTRODUCTION

HASE detectors are used in antenna arrays, PLL, inter-

ferometry, measurement of physical parameters, distance
measurement, positioning systems, etc. A phase detector pro-
vides a voltage (V) that is proportional to the phase difference
between the input signals (Af). The characteristic curve of
a phase detector derives from the output voltage versus the
phase difference between input signals. In order to perform this
measurement, it is necessary to have two signals with the same
frequency (synchronized) and modify the phase difference
between them. The higher the frequency, the harder it is for
the circuit to generate these signals. Additionally, a small
difference between the signal paths to the device generates
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an error in the measurement that grows as the frequency
increases.

When the phase detectors are analog multipliers with a 90°
phase shift in one of their paths and a sinusoidal response is
assumed (V; = sin Af), it is common to use input signals
with zero phase shift and adjust the circuit until a null is
achieved in the output voltage [1]. A generator connected to a
power divider and two identical wires are more than sufficient
to make the measurement, which results in significant cost
savings. However, this phase detector topology needs adding
a VNA (Vector Network Analyzer) which is used to charac-
terize the asymemetrical paths (amplifiers, hybrids, etc.) that
carry the signals to the multiplier. Moreover, if the frequency
increases, a multiplier can be added to each path, which makes
the measurement system substantially more expensive when
using commercial circuits [2], [3].

When the phase detector response is more irregular and
a higher accuracy is required [4]-[7], the entire curve must
be plotted within the phase operating range, which requires
having knowledge of the input phase shift at all times.

Some measurement systems use generators that are
equipped with two or more RF outputs (< 1 GHz) and phase
shift circuits that can be easily calibrated [5], [8]. When the
frequency increases, it is more common to find generators
with a single RF output. In that case, a power divider is
connected to RF output and a phase shifter is included in one
of the paths [7], [9], [10]. There are applications that only
require measurements around a specific phase shift or where
the authors have no access to more complex and expensive
equipment. For example, in [5], measurements are taken from
4.5 GHz to 5.5 GHz using one generator and a hybrid circuit.
Additionally, if the phase detector is sensitive to amplitude
variation at the inputs, a variable gain stage is usually added
to compensate the amplitudes of both paths [11]. As references
show, when a single generator is used, a VNA is necessary to
characterize and calibrate the significant asymmetries between
paths and be able to trace detector curves. The parameters
that provide the input phase shift and amplitude to the DUT
(Device Under Test) for each frequency, power, temperature,
etc. must be controlled. Although the error of the measurement
system is not indicated, it will at least depend on the accuracy
of the VNA.

The use of two synchronized commercial generators fa-
cilitates measurement and makes the use of a VNA non
mandatory. Phase shifts and amplitudes can be easily modified
and the devices that carry the signals to the DUT inputs
can be identical in each path (cables, switches, circulators,
attenuators, etc.), which minimizes the imbalance. When the
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AB(t) = const
w+ Aw

Fig. 1. Phasor representation of two signals of frequency w and w + Aw
(w=2-7-f).

frequencies are low, it is enough to share a reference oscillator,
usually of 10 MHz, and use the phase shift option provided
by the generators. Nevertheless, these devices often include
additional synthesis and frequency conversion stages that
prevent real synchronization, resulting in phase shift drift.
This problem becomes more critical as the output frequency
of the generators increases. Therefore, it is also necessary to
share LO (Local Oscilator) of these mixings [4], [12], [13]
to improve synchronization. There is commercial equipment
available that includes this option, that is capable of main-
taining good synchronization over time up to 6 GHz [12],
[14]. This enables the entire calibration process to be carried
out first, followed by the measurement process. The cost of
each generator with this option is about twice as much as one
with a similar frequency range and that only shares the classic
10 MHz reference signal. These equipments can be used to
characterize most phase detectors operating in these frequency
bands, such as digital [15], [16] or FPGA-based [8], [17], [18].
In addition to these, there is a long list of applications that
use the AD8302 phase detector [19] as a phase detector in
the 0-180° range [20] or within /() configurations to achieve
0-360° [21]. By sharing LO in each path, these detectors
are incorporated in superheterodyne designs that raise the
input frequency [21]-[24]. However, the characterization of
the phase detector has been done in IF (< 133 MHz), avoiding
the problem of generating the calibrated RF signals.

Finally, regarding the characterization of errors in all ref-
erenced measurement systems, only [4] and [13] include a
comprehensive investigation that guarantees an error of less
than £+0.1° up to 6 GHz for two synchronized commercial
generators.

This article proposes a method for measuring phase detec-
tors using two generators that can only share the 10 MHz
reference, which implies a small difference between their
output frequencies (quasi-synchronized) and thus a phase shift
drift (Fig. 1). The procedure is characterized by continuously
alternating calibration and measurement sequences to guaran-
tee a maximum phase error specification. The objective is to
take advantage of the benefits of using two generators while
recovering generators of lower cost and worse performance
in terms of synchronization. In addition to the generators, the
calibration and measurement system consists of two switches,
a power combiner, a power detector (a spectrum analyzer in
this article), an oscilloscope, and an Arduino Uno with ADC
(Analog to Digital Converter) included. The signal distribution
network errors are assessed to specify how they should be
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taken into account in the calibration and measurement process
and to establish whether the employment of the VNA is
required. In the frequency range between 3 GHz and 8 GHz,
the method is used to obtain the curves of a 360° switched
dual multiplier phase detector [4].

This paper is organized as follows. Section II describes
the differences between synchronized and quasi-synchronized
generators, clarifying certain aspects related to calibration in
each case, as well as the sign convention for the phases.
Section III presents the calibration and measurement system,
which details the composition of devices and equipment.
Section IV reviews some aspects of the DUT, the 360° phase
detector base on switched dual multiplier [4], in order to
determine the measures to be performed to characterize this
type of devices [25]. Additionally, the sign convention of
the multiplier output signals is justified. Section V addresses
aspects relating to the calibration of the signal distribution
network and its effect on the semi-automated calibration and
measurement procedure that is detailed in Section VI. Lastly,
Section VII describes the procedure to reference the curves
and determine the operating range of the DUT, attending to
the phase deviation from the quadrature condition (90° phase
shift).

II. SYNCHRONIZED AND QUASI-SYNCHRONIZED
GENERATORS: SIGN CONVENTIONS & CALIBRATION

Commercial generators that are able to share the reference
signal, usually of 10 MHz, typically have the possibility to
modify the phase of each of them, that is, to modify the
phase shift between both RF signals. When two generators are
properly synchronized, the frequencies match and the phase
difference between the signals remains constant (Aw = 0 in
Fig. 1). This article uses Agilent models E8257D and E8257C.
Model C (master) provides the 10 MHz reference signal to
model D (slave). To allay concerns about the sign convention
that will be used in this paper when modifying the phase of
these generators, we proceed as follows. First, choose a low
frequency that can be displayed on the oscilloscope (< 20
MHz) and select the value 0° on the master generator. Next,
the phase of the slave generator (05, ) is modified until the
oscilloscope signals are in phase (Af = 0). If the oscilloscope
trigger is synchronized with the slave generator signal, a phase
shift in the master generator signal equal to the selected value
in the master generator phase is observed. That means that if
the slave generator signal is A - cos(wt), the master signal is
given by A - cos(wt + Oy).

When the frequency increases, finding the value of the
reference phase (0s;,,,,) using the oscilloscope technique is
unfeasible in most cases, whether due to technical constraints
or due to the cost of instrumentation. In that case, the null
technique [12], [13] is usually used to obtain the reference
signal (0s,p,,,)- The signals of the generators are fed into a
power combiner, the phase of the master is set to 180° (0, =
180°) and the phase of the slave (05, ) is modified until
a null is obtained at the output of the combiner. However,
when there are amplitude and phase deviations between the
generator signals, it is of greater interest to analyze the value
of the null (5, = 180°) versus the maximum (6, = 0°).
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Fig. 2. Representation of the amplitude phasors at the input of the RF
combiner. It shows the effect of amplitude (A A) and phase (Afg) deviation
on both the maximum power at the output (0p; = 0°), and the minimum
power at the output (03, = 180°).

TABLE I
SOME VALUES THAT RELATE THE VALUE OF THE NULL MEASURED IN THE
SA (SPECTRUM ANALYZER), TO THE AMPLITUDE AND PHASE
DEVIATIONS OF THE SLAVE GENERATOR SIGNAL.

Case a s Abg SAmaz SAmin r
(dBm) | (dB) © (dBm) (dBm) (dB)

1 0 0 0 6.02 -00 -00
2 0 0.15 0 6.10 -35.18 -41.18
3 0 0 1 6.02 -35.16 -41.18
4 5 0.15 0 11.10 -35.18 -41.28
5 5 0 1 11.02 -30.16 -41.18
6 0 0.02 0.99 6.03 -35.16 -41.19
7 0 0.1 0.75 6.07 -35.12 -41.19

If modifying the phase of the master generator A - cos(wt +
Opr) is preferred, the null at the output of the RF combiner
occurs when 0y, = 180° and Afg = 0° (Fig. 2). If amplitude
and phase deviations of the slave generator signal equal to
AA and Afg) are assumed, the output signal of RF combiner
for 0); = 0° and 180°, that correspond with maximum and
minimun values, is given by (Fig. 2):

Acos(Om)E+ (A+ AA) cos(ABs)E + (A + AA)sin(Afg)g (1)

The ratio between the minimum and maximum power is:

r (dB) = 10 - log(R)

101 (AA2 +2A(A+ AA)(1 - cos(Aé’s))> @)
AA2 +2A(A+ AA)(1 + cos(Abs))

Table I shows some relevant values, when the power is a
dBm (A = 10%/20=1/2) and the amplitude ratio (A + AA)/A
is given by s dB (AA = (10%/2° — 1) . A). If one assumes
that amplitudes are identical (s = 0 dB), an error of less than
+1° is guaranteed for a drop in power of more than 41 dB
measured in the upper SA, regardless of the input level (cases
3 and 5). It is also observed that the detected signal is more
sensitive to phase variations than to power variations. Thus,
cases 6 and 7 show that a relative amplitude variation of 5:1
(0.1/0.02) with respect to a relative phase variation of 1.32:1
(0.99/0.75), provides the same power drop (-41.19 dB).

In practice, when the E8257D and E8257C generators share
the 10 MHz reference signal, there is a very small frequency
difference between them (Aw = 0 in Fig. 1), which results
in a slow variation of the phase shift over time. In that case,
the generators are considered to be quasi-synchronized. That
frequency variation is greater the higher the frequency selected
in the generators. With the null technique it is observed that
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the output signal at the power combiner successively increases
until it reaches the maximum and decreases until it reaches
the minimum. Despite this continuous phase variation, it is
possible to perform the characterization of a phase detector
using the maximum permissible error specification. However,
this phase variation means that part of the calibration and
measurement procedure must be carried out jointly, as will
be explained in Section VI.

III. THE CALIBRATION AND MEASUREMENT SYSTEM

Fig. 3 shows the calibration and measurement system block
diagram. It is mainly composed of two generators (E8257D
and E8257C) that share the 10 MHz reference signal, a power
combiner, the phase detector or DUT, two switches that direct
the signal from the generators to the inputs of the combiner,
an SA (R&S FSEK 30) to measure the output power of the
combiner, an Arduino Uno to semi-automate the procedure, a
VAC' (Voltage Adjustment Circuit) to adapt the output signals
of the phase detector to the dynamic range of the Arduino
Uno ADC, and an oscilloscope to observe the phase detector
response. The generators work as master (E8257C) and slave
(E8257D). They are characterized by their power (P; and
Ps) and phase (8, and 6g). The switches (HP 8761B) are
controlled by two buttons (a0 and a9), integrated into the HP
11713A driver.

The input voltage of Arduino Uno ADC must be between
0 and 5 V. Therefore, when the output signal of the phase
detector is bipolar, a positive voltage (Vrgr) must be added
to the output voltage of the phase detector. In addition, an
amplifier network (121, R3 and the potentiometer [22) has been
introduced to maximize the input levels to the ADC. As a
result, the output voltage of the VAC is given by (Fig. 3):

R1
R2 + R?J

eref + VA Olnput
2

V= . [1 + 3)
IV. THE DUT: 360° PHASE DETECTOR BASED ON
SWITCHED DUAL MULTIPLIER

A switched dual multiplier phase detector has been selected
to explain the calibration and measurement procedure. The
characterization of this type of detectors consists of obtaining
two curves: in-phase and phase-shifted [4], [25]. For simplicity
reasons, they will be named 7@, although this type of detector
is not required to strictly fulfill the quadrature condition, that
is, the phase difference of 90° between the input signals for
product Q.

The simplified diagram is shown in Fig. 3 (dual multiplier
phase shift detector block), and Fig. 4 shows a photograph
of the measurement system, as well as a photograph of the
DUT and power combiner connections. It is composed of two
identical cells containing a hybrid circuit and a switch. The
selected signals enter a multiplier, although the switch in cell
3 is always at low level, position 1). In appearance, a Ix[
multiplication is performed when the switch in cell 2 is in
position 1), and a () xI multiplication when it is in position
2). However, the operation described in [25] demonstrates that
it can be used as a 360° phase detector, despite there being
a maximum theoretical deviation of +90° over the quadrature
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Fig. 3. Simplified diagram of the calibration and measurement system.

condition. In practice, that deviation is linked to the maximum
admissible error in phase detection and, therefore, has values
lower than the theoretical value. In other words, the hybrid
circuit can operate in the range 90+3°, with § being a value
less than 90°.

The objective of this paper is to show the measurement
procedure through quasi synchronized generators, so an ar-
bitrary value S will be fixed as a condition to know if the
output curves of the detector comply with that specification.
Moreover, these output voltage curves refer to a power and
frequency that must be fixed in advance.

Regarding the sign convention when calculating the phase
difference between the output voltages of the phase detec-
tor, the following considerations shall have to be taken into
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Fig. 4. (a) Photograph showing devices and equipment used for calibration
and measurement. (b) Photograph showing the connection from the switches
to the power combiner and the phase detector (cells 2 and 3 of the measuring
array). The SA and the oscilloscope are out of frame.

account. The hybrid circuit (QCS-592) used in the double
multiplication phase detector introduces a phase shift of +90°
compared to the direct port. The sign convention is maintained
for the master and slave generators of Section II. As a
first approximation, if paths are balanced, the low frequency
component of the I x I product is given by (4):

cos(wt) - cos(wt + )
= (1/2) - [cos(2wt + Op1) + cos(wt — wt — Opr)]  (4)
~ (1/2) - cos(—0nr) = (1/2) - cos(Opr)

For the Qx 1 path:

cos(wt + 90) - cos(wt + Oar)
= (1/2) - [cos(2wt + 90 + Oar) + cos(wt + 90 — wt — Oar)] (5)
~ (1/2) - cos(0r — 90)

Fig. 5 represents the IxI and QxI signals. It shows the
sign convention that will be used to calculate the phase shift
between the two curves of the detected voltage depending on
the phase shift of the input signals. The convention Ogx; -
01«1 will be used, being +90 when in quadrature. Therefore,
if it were acceptable to have a deviation of 5 = 40° regarding
the quadrature condition, the phase difference between curves
must be between +90-40° and +90+40°. Fig. 5b depicts a case
when the phase shift is 130° (90+40°).

V. ERRORS DUE TO UNBALANCED PATHS: VNA
CALIBRATION

If the set of devices connecting the generators to the DUT
and the SA is not considered to be well balanced enough, it is
advisable to perform a calibration and correct the parameters
of each generator accordingly. This ensures that the input
signals to the DUT keep the defined phase shift between
generators and that they have the same amplitude.

In this case, and to highlight the correction procedure,
this type of calibration is carried out. The S parameters of
the connection block with 5 ports are measured: 1, 2, 3,
a and b (Fig. 3). Under conditions of matching and good
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isolation between ports, it is enough to measure the following
parameters: S3; and S3o with 8761B switches in state 2); Sq;
and Sps with 8761B switches in state 1).

When the generators have been adjusted to obtain a null
at SA, the signals at the output of the combiner are in
counterphase (Af = 180°) and possess equal amplitude. If
asy and ame are the power waves of the generators and are a
good output matching (10 dB attenuator at the output of the
power combiner), then the following is met:

N S
.28 - S50 = |1|1800 => amao = asy - _ 231
ams Ss2 - |1]1500

(6)

asq

If the phase detector inputs are considered to be matched, the
null condition must still be maintained when switching the
signals from the generators to the phase detector, even though
this requires a slight modification of the amplitude and phase
of the generators, i.e.
Sa1 Sh2
CLS/1~ a/ ~Sb2:|1|1800:>a31:am'2-\1|1goo~—
amsy Sa1
If the parameters of the master generator are not modified
(amf, = amy), from (6) and (7) yields:

(7

S31 -8
as] = asy - ﬁ = as1 - |AAs.|aos, (8)
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TABLE II
RELEVANT VALUES IN THE MEASUREMENT PROCESS: S PARAMETERS OF
THE CONNECTION BLOCK (FIG. 3) AND CORRECTION VALUES RELATED
TO THE POWER AND PHASE OF GENERATORS.

f S31 S32 Sa1 Sha APy . | Abs,
(GHz) | (dB)/(°) | (dB)/(°) | (dB)/(°) | (dB)/(°) (dB) )
3| lom | 1197 | res | aweo | 00e | 033
4| a7 | asos | sans | asies | 0017 | 033
S| T334 | aooe | 1451 | iwes | 0047 | 0437
6 -11116.7935 0550 1-61;.;252 1-623'(.)30 | 0172} 0470
7| iroe | 1730 | s005 | a5 | 0178 | 0164
8 | Gags | 95w | oros | ooy | 0281 | 0544

Therefore, when the signals to the phase detector are
switched, the amplitude and phase of the slave generator must
be corrected to AAg,. (APs. dB) and Afg,, respectively.
To make it easier for manual change, it is better to modify
the slave generator to Afg,. and the master generator to
APy, = —APg, dB. Table II shows the correction values
for the frequencies tested, as well as the S parameters of the
connection block. S parameters has been measured with the
R&S ZVK VNA.

If the calibration due to path unbalance were not duly
conducted, and considering the phase correction data (Afg,),
in the worst-case scenario, the uncertainty of an error would
increase by almost one degree more (-0.94° at 4 GHz in Table
II) than the one defined in the generator calibration stage
(Table I). The 0.3 dB (f = 8 GHz) variation in power has
little influence on the response of the phase detector, so it is
not that relevant.

However, -0.94° is within the transmission accuracy specifi-
cations of the R&S ZVK VNA provided by the manufacturer
[26]: £1° and 0.1 dB between 2 GHz and 8 GHz. In other
words, this data shows that the use of two generators facilitates
the symmetry of the signal distribution network, which reduces
imbalance and makes the use of a VNA not mandatory.
Although, if the measurement error is to be bounded more
rigorously, the VNA should always be used to guarantee the
specific value derived from equation (8). Despite all the above,
the correction values have been included in the procedure to
show how they should be taken into account.

VI. CALIBRATION AND MEASUREMENT PROCEDURE

The calibration and measurement procedure is divided into
two clearly differentiated parts: data collection to reference
the IxI and Q<1 curves (reference data), and data collection
of the data from the I'xI and (QxI curves (curve data). In
addition, the process for acquiring the reference data contains
a block of tasks that should be executed in the shortest possible
time. Generally speaking, the idea is to collect the reference
data while the phase shift of the generator is kept within a
specified error (Table I). Each part has an associated program
that activates the data collection through a pushbutton on the
breadboard, next to the VAC (Fig. 3).
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Fig. 6. Simplified flow chart that illustrates the measurement and calibration
process.

The output amplitude of the multiplier is adjusted at each
frequency so that the ADC works at around 0-5 V. It is
necessary to ensure that the IxI and @ xI curves do not
exceed these values. Table III includes the correction values
of the generators (one decimal versus three in Table II) and
the most relevant data from the calibration and measurement
process (Fig. 3): Vgae (Maximum output voltage of the
detector for IxI), Vg, (minimum voltage), APur,.u
(power increase in the master generator over that of the slave
to attain a null at the output of the power combiner), Psy s
(maximum power at the combiner output), AP, (power
correction at the master generator), Aflg. (phase correction at
the slave generator), and AP (power correction to reference
in Port @ and b). The measurement and calibration process is
summarized in Fig. 6 and detailed below for a power of O
dBm in the generators and an error of +1°

Main sequence of combined calibration/measurement

- Set frequency and power generators: Pyy = Ps = 0 dBm.

- Connect red banana connector to GND (I x1I).

- Push a0 and a9 to switch SPDT 8761B to 1), towards DUT.

- Increase master generator frequency by 1 kHz.

- Visualize the detector output voltage (V) in oscilloscope.

- Adjust R4 and R» potentiometers to maximize V.

- Decrease master generator frequency by 1 kHz.

- Push a0 and a9 to switch SPDT 8761B to 2), towards RF
combiner.

@ Set Oy = 180° and adjust s (Osrpr) and Py (AP ) to

get minimum power in SA.

- Set O = 0° and measure maximum power (Psgar) in SA.

- Set a line reference at Psyas - 41 dB in SA.

- Set Oy = 180° and adjust fs to get SA power close to line
reference.

- Ensure that the phase evolves so that the SA power decreases
with time.

- Start Reference Data Acquisition (Detailed below) since the SA
power is clearly under line reference (Fig. 7).
Check SA power when Data Acquisition sequence is finished.

- If SA power continues under line reference (Fig. 7), Data is
right.

- Otherwise, it is necessary repeat this sequence from @.

The block of tasks, named Reference Data Acquisition,
needs to be performed as quickly as possible to ensure that
the measurements are correct. The higher the frequency, the
shorter the time available. However, if the errors derived from
Table II are accepted, the step to adjust the values of Py,
and fg can be skipped. In that case, a good estimate for
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6
TABLE III
RELEVANT VALUES IN THE MEASUREMENT PROCESS. FOR ALL CASES,
THE POWER OF THE SLAVE GENERATOR IS Pg = 0 DBM.
f Vdm(n Vdmin APMnull Psum APMC AaSc AP
(GHz) | (V) V) (dB) (dBm) | (dB) ©) (dB)
3 4.77 0.46 -0.2 9.5 0.1 -0.3 -1.3
4 4.46 0.26 0 -9.47 0 -0.9 -1.7
5 491 0.13 0 -8.03 0 -0.4 -1.8
6 4.82 0.16 -0.1 -7.78 0.2 -0.5 -1.8
7 4.76 0.11 -0.3 -7.43 0.2 -0.2 -2.0
8 4.45 0.48 -0.1 -6.32 0.3 0.5 2.2
Marker 1 [T1] RBW 50kHz RF Att 30dB
Ref Lvl -48.40 dBm VBW 50 kHz
0 0 dBm 8.00001253 GHz SWT 5ms UNIT dBm
I I I
-D; -6.32 dBm Psum
-10
-20
-30 41dB 47 dB.
-40
50f——D2-47.32 dBm
) i\
— T, -53.32 dBm / \
-60
/1L
b A AR Ay
-80
-90
-100:
Center 8 GHz 250 kHz/ Span 2.5 MHz

Fig. 7. SA image when the signal at the output of the combiner is just below
the threshold at -41dB of the Pggrpas value. It shows the reference lines to
PSU]W; PSUM - 41dB (6 = j:lo) and PSU]\J - 47dB (6 = i0.5°) at a
frequency of 8 GHz.

the error is to increase its value by |Afg.|, in other words,
e = £ (14 |Afg.|), if the reference line is at 41 dB. The
sequence of the measurement procedure in order to obtain the
reference voltages (V; at 180° and 90° when QxI or IxI is
selected) is as follows:

Reference Data Acquisition sequence
- Push a0 and a9 to switch SPDT 8761B to 1), towards DUT.
- Adjust Py; with APy and 0sgrpr with Afs. (Table III).
- Press the pushbutton to acquire Vy at 180° and I X1 (Viigo).
Change 6, to 90° and press the pushbutton (Vigo).
- Connect red banana connector to +5 V (Q X 1) (Vgg,).
- Press the pushbutton to acquire Vg at 90° and QxI (Vg,g)-
- Change 6 to 180° and press the pushbutton.
- Restore Py; with APy, and s grpr with Afg. (Table III).
- Push a0 and a9 to switch SPDT 8761B to 2) towards RF
combiner.

After that, the program for the acquisition of the curve data
(IxI and @QxI) is started, and the following set of tasks is
performed:

Curve data acquisition sequence
- Adjust Pys with APyy..
- Increase master generator frequency by 11 Hz.
Connect red banana connector to GND (I x1).
- Press the pushbutton to acquire I x I curve.
Connect red banana connector to +5 V (Qx1).
- Press the pushbutton to acquire I x I curve.
- Decrease master generator frequency by 11 Hz.

The 11 Hz frequency difference between generators ensures



This article has been accepted for publication in IEEE Transactions on Instrumentation and Measurement. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TIM.2023.3330210

JOURNAL OF KX CLASS FILES, VOL. 14, NO. 8, AUGUST 2021

1: Initialize (curve;, curveg, {3 refers to I xI and q refers to @x I}
Viiso, Vigo, Vg and Vg,g,) {reference voltages}.

2: Oversample (curves by 4 to minimize errors)

3: Calculate (period and phase vector) {green in Fig. 10}

4: For each curve (z =4, q)

Select VrEer, closed to curve middle value (V).

If V.’Elgo
VreFy = Vziso, Slope = -1, Vo, = Vzgo
If V.’Ego
VREFy = Vzgo, Slope =+1, V, = Vzis0
Calculate phases where Vrpr, cuts curve (y = 90 or 180).
{QREFyl and Orer o (red “x” in Fig. 10)}

{Solve the ambiguity to obtain the solution.}

11: Estimate the other Orpr from Orrr,, (k= 1 and 2).
{GOTHyk = GREFyk + Slope . 90}.

12: Calculate phases where V, intersects curve.
{00 and 6o (black “x” in Fig. 10)}.

13: Compare o7y, With Ooy.

14: Calculate solution from the closest difference to zero.
{0rEFyr (k=1 or 2) (blue “O” in Fig. 10)}

15:  Restore the curve from from previous solution.

{black curve from black dot in Fig.10}.

@V R

—

Fig. 8. Simplified algorithm to reference the I x I and ()< I curves.

that 280 samples are enough to have more than one period and
to not exceed both ADC converter speed and the available
memory on Arduino Uno (Fig. 10). At this point, the 4
reference voltages (V; at 180° and 90° when @ x I and Ix[
is selected) and slightly more than one period of the I xI and
QX1 curves are available.

VII. CURVE REFERENCING

The data sent by the serial port to the computer is processed
to obtain correctly referenced IxI and xI curves. These
curves characterize the double multiplier phase detector and
allow the calculation of the phase difference between them and
whether they exceed a certain target value (90+05,,4.°) [4],
[25]. The procedure for referencing curves takes into account
the sign conventions established in Sections II and IV. Fig. 10
shows the main curves and the data related to the referencing
process, detailed in Fig. 8.

Fig. 11 shows the IxI and QxI curves referenced for
3 GHz, 5 GHz and 8 GHz. A large amplitude difference is
observed between the curves at 8 GHz, primarily due to being
significantly outside the band of the hybrid circuit (QCS-592:
3.1 GHz - 5.9 GHz) which is not a problem for this type
of detector [4]. Table IV provides the reference values for
each frequency and curve (/xI and @QxI): y (value of 6y,
that provides an output voltage of the phase detector closer
to the mean value), Orgr, (reference value to be used for
reconstructing the output voltage curve of the phase detector),
VrEF, (Output voltage of the detector when Oy = y), and
curve (QxI or IxI). Lastly, the offset between the curves
@x1I and IxI is obtained and it is determined if it is
within the range bounded by the maximum deviation, that is,
9043,,42°. The last two columns of Table IV show the value
of the phase difference between the curves, specifying whether
they are within the specified range.

As a result, if a maximum deviation of 40° over the
quadrature condition (8,4, = 40°) is admitted, the phase
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Fig. 9. Curves representing the output voltages of the phase detector when
Q%I (blue) and IxI (red) are multiplied. The difference in frequency
between the generators is 11 Hz, and each curve is composed of 280 samples.
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Fig. 10. (a) Representation of the curves and data of interest to reference
the curves of the phase detector output voltages. It shows: a period obtained
from the original curve (I x I in Fig. 9), in green; the phase detector voltage
when phase shift 8y, = 90° (blue) and 65, = 180° (red); the referenced
curve (black) restored from the solution g g 139 = 315.000° (blue “O” on
the green curve). (b) Similar curves and values to reference the Q%I curve
in Fig. 9, where 9REFQO = 73.667°.

detector can comply for the frequencies ranging from 3 GHz
to 7 GHz. Regarding the input signal to the phase detector,
the corrections performed in the calibration process of the
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Fig. 11. IxI (blue) and @QxI (red) curves for three frequency values: 3

GHz, 5 GHz and 8 GHz.

TABLE IV
VALUES OBTAINED TO REFERENCE THE CURVES AT EVALUATED
FREQUENCIES, PHASE SHIFT BETWEEN I X/ AND Q) X I CURVES AND
FULFILLMENT OF 90£40° BOUNDING.

! Yy OrER, Vrpr, | Curve | Phase shift | 90+40
GH) | O | O (V) | Type © ©)
3|0 | 4o | tao | Ber | 99967 | YES
¢ |10 | 20000 | 1790 | T | 99967 | YES
S| im0 | sisoo0 | 1590 | Tar | 46T | YES
© | 130 | 1o6%3 | a0 | 1xr | 05667 | YES
7| o0 | im%s | a0 | dar | 16T | YES
s | 1w | asewr | a0 | ver | Meo NGRS

generators, as well as those derived from the S parameters of
the connection block, equalize the power at the inputs of the
phase detector and cause the phase difference between them to
be determined by the phase difference reflected by the master
generator (f5,). However, the input amplitude is given by the
power of the slave generator (Ps = 0 dBm) plus the effect of
the S,1 in dB for each frequency (AP in Table III). In other
words, Pg +AP (dBm) would determine the input power of
the phase detector.

VIII. CONCLUSIONS

A novel phase detector measurement procedure using quasi-
synchronized RF generators that share a 10 MHz reference
has been presented. This makes it possible to use two gen-
erators with lower cost and worse performance in terms of
synchronization as compared to procedures with synchronized
generators that have less use complexity but are much more
limited in frequency range (< 6 GHz).

The new procedure is characterized by continuously alter-
nating calibration and measurement sequences to make up
for the phase drift of quasi-synchronized generators. As the
frequency increases, the procedure becomes more useful due to
the output frequency difference between generators is greater
and therefore the phase variation is faster.
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TABLE V
COMPARISON WITH OTHERS CONFIGURATIONS: VL (VERY Low), L, M
(MEDIUM), H (HIGH), VH, AND NA (NOT AVAILABLE).

2| = 2 b
Meas Procedures 5 |23 % |23 2| ¢
easurement Procedures [E Z -% % 3 % S &
S22 8 £
1 Generator & 2 RF Outputs [5] < £0.1 No VH VL VL | VL

1 Generator & 1 RF Output &
PS (Power Splitter) [1] NA No VL VL M VH
PS & Multipliers [2] NA No M L VH | VH
PS & PhaseShift (Ph) [7], [9], [10] NA Yes M M M VH
PS & Ph & Variable Gain [11] NA Yes H H M VH

2 Generators

Synchronized [4], [12], [13] [ <01 [ No [VH] H [VH[ M
This article | <£2° | No | VH| VH | H | VH

The calibration and measurement system has been detailed
in terms of equipment, devices, circuits, connections, sources
of error, software, and methodology. The measurement stage
comprises the acquisition of two sets of data: the reference
voltages and the detector curves without phase reference
obtained through the increase of the frequency of one of the
generators. The procedure only requires a quick execution
of the reference voltages acquisition in order to guarantee a
maximum phase error specification (1° in this paper but less
is possible), which enables the use of a very simple control
element based in Arduino Uno and cheaper instruments.
Although time is limited to perform the measurement of the
reference voltages, the semi-automatic procedure is suitable
for the majority of phase detectors, with the exception of some
topologies that require more time for phase determination [27],
[28].

The procedure has been applied to obtain the output voltage
curves of a 360° phase detector base on switched dual multi-
plier from 3 GHz to 8 GHz at 1 GHz step. Moreover, it has
been detailed step by step, which facilitates its reproducibility
and the use of other equivalent instrumentation.

The errors arising by the signal distribution network have
been measured in order to know how they should be treated
in the measurement and calibration procedure, as well as to
quantify their effect in case they had not been taken into
account (Table III). Not including this source of error would
result in an increase of almost 1° (-0.94° at 4 GHz) over the
initial specification (£1°) and 0.3 dB (8 GHz) in the power
arriving at the phase detector, although that power variation
usually has little influence over the phase detector response.
Accordingly, determining whether a VNA is necessary, the
accuracy specifications of the R&S ZVK VNA is +1° and
+0.1 dB between 2 GHz and 8 GHz [26]. Therefore, the -
0.94° is within the accuracy specifications and could obviate
the use of the VNA, increasing the measurement uncertainty
by £1°. That is, measurements have a final maximum error of
+2° for both frequency and calibrated input power. Table V
shows a general comparison between the method proposed in
this paper and others detailed in the introduction.

Finally, the procedure used to obtain the correctly referenced
IxI and @QxI curves that characterize the behavior of the
phase detector has been described, and the phase difference
between them has been calculated. Based on the maximum
deviation on the quadrature condition [4], [25], which has been
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arbitrarily set to a value of 40° (Fig. 5), it is found that the
phase detector will be able to operate in the frequency range
of 3 GHz to 7 GHz (Table IV).
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