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Abstract—A differential electro-optical voltage probe is
characterized. The two main parts of the probe circuit are
the attenuator circuit and the laser diode. The probe circuit
is characterized by measuring S-parameters. The probe
circuit has a stable common-mode rejection ratio (CMRR)
up to 4 GHz, with a quick drop at higher frequencies.
The probe circuit performance is simulated by combining
the individual attenuator and laser characteristics connected
in cascade. The differential-mode and common-mode signal
propagation is analyzed in terms of voltage and impedance
matching. The impedance matching between the attenuator
and the laser, in combination with their individual char-
acteristics, determines the CMRR frequency characteristic
of the probe circuit. By suppressing the common-mode
signal propagation, relative to the differential-mode signal,
an electro-optical system with a CMRR higher than the
nominal CMRR of the laser diode can be designed.

Index Terms—CMRR, common-mode, differential-mode,

electro-optical probe, impedance matching.

I. INTRODUCTION

Characteristics of a broadband differential electro-op-
tical voltage probe are measured [1]. The probe circuit
consists of two main parts, the attenuator circuit and the
laser diode (Fig. 1). The attenuator is used to lower the
input signal level in order not to overdrive the laser. The
laser diode converts the measured radio frequency (RF)
signal into an optical signal, which is transmitted to the
photodetector. The laser is biased using a dedicated bias
circuit. The probe circuit design is discussed in [2].

The characteristics of the differential electro-optical
voltage probe are measured. The differential-mode com-
ponent of the input signal presents the wanted signal,
while the common-mode component presents the un-
wanted signal. The probe has a stable common-mode
rejection ratio (CMRR) up to 4 GHz, which drops quickly
at higher frequencies. The voltage attenuation ratio of
the probe circuit is 125:1 (42 dB). The maximum input
differential voltage amplitude is 25 V. The nominal differ-
ential-mode input impedance is 1092 €2, and the nominal
common-mode input impedance is 275 2.

Research typically focuses on overall external probe
characteristics, with a desired CMRR of 30-40 dB up to
5 GHz [3], [4]. In contrast, the motivation for this paper
is to understand the internal signal propagation through
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Fig. 1. Differential electro-optical voltage probe schematic.

the probe circuit building blocks and its impact on the
CMRR characteristics.

In this paper, the differential-mode and common-mode
signal propagation through the probe circuit is analyzed.
The two main parts of the probe circuit, the attenuator and
the laser, are analyzed separately. The performance of the
probe circuit is simulated by combining the characteristics
of these two building blocks. Based on the differen-
tial-mode and common-mode voltages and impedance
matching between the attenuator and the laser, the CMRR
characteristics of the probe are evaluated.

The probe characterization and simulation setup are
presented in Section II. The signal propagation through
the probe circuit is analyzed in Section III. The effect
of the attenuator and laser characteristics on the CMRR
of the probe circuit is discussed in Section IV. The
conclusion is given in Section V.

II. CHARACTERIZATION AND SIMULATION SETUP

Three-port S-parameters of the probe circuit character-
ization structure shown in Fig. 2 are measured. The mea-

(a) Top side.

(b) Bottom side.

Fig. 2. Probe circuit characterization structure.

239



r-=-=-=-=-===========-= 1 r-=-=-=-=-===========-= 1
N8 p e Pyt P :
ot |
T :
Attenuator P2), _ \ (P1) Laser X
S I
1 [ 1

1 : P3 1 P3

P,! + | Py +0 4

Lol ®2)' |P2)| |50 ¢

Probe circuit

Fig. 3. Probe circuit represented as a cascade connection of the attenuator circuit and the laser.

surements are performed using a two-port vector network
analyzer (VNA) [5], in the frequency range from 1 MHz
to 8 GHz. The VNA output power is set to O dBm. The
three-port standard single-ended S-parameters are de-em-
bedded and converted to mixed-mode S-parameters [6],
[7]. The CMRR of the probe circuit is calculated [8].

The schematic of the probe circuit characterization
structure is shown in Fig. 3. In the probe circuit, the
attenuator and the laser are connected in cascade. The
goal is to simulate the performance of the probe circuit
by combining the characteristics of the attenuator and the
laser, that are characterized separately. Electromagnetic
(EM) simulations of the attenuator structure, performed
using a commercially available EM solver based on the
finite element method (FEM) [9], are used in the probe
circuit simulation. The mixed-mode S-parameters of the
attenuator are calculated from the four-port standard sin-
gle-ended S-parameter EM simulation results [6], [7].
The biased laser diode is measured separately. The VNA
output power is set to —7 dBm, making sure that the
laser operates in the linear region. Three-port S-parameter
measurement results of the laser are used in the probe
circuit simulation.

The probe circuit measurement and simulation results
are compared in Fig. 4. The simulation results of the dif-
ferential-mode transmission coefficient Sg421 show good
matching to the measurement results. The simulation
results match the general trend of the common-mode
transmission coefficient Ss.o; measurements. Taking into
account the matching of the differential-mode and the
common-mode signal transmission, the simulation results
match the general trend of the common-mode rejection
ratio measurements. The difference between the simula-
tion and the measurement results varies between 3—5 dB.
The simulated CMRR of the probe circuit remains above
20 dB up to 4.1 GHz. The fast drop in the measured
CMRR at frequencies above 4.5 GHz is replicated by the
probe circuit simulation results.

The differences between the simulation and measure-
ment results are expected, because of the differences
between the laser samples used, the components used
in the attenuator circuit, the limitations of the attenuator
EM simulations, as well as the coupling between the
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Fig. 4. Comparison of the measurement and the simulation of probe
circuit. The magnitude of the differential-mode transmission coeffi-
cient Sgg421, the common-mode transmission coefficient Ssc21, and the
common-mode rejection ratio (CMRR) are compared.

components of the probe circuit structure, which is not
present when characterizing the parts individually.

III. SIGNAL PROPAGATION

A. Probe Circuit Input Voltage

The probe circuit characterization setup is represented

using the voltage sources v;r and v, with a 50 © internal

impedance, and the 50 2 termination load, shown in

Fig. 5. In-phase generators v;fg and v, , are used for the
common-mode simulation. Counter-phase generators vj g
and v, , are used for the differential-mode simulation.

The geherator voltages are set as follows:

+ . —
Ve,g = Veg

(D

N N
fvdﬂfvd,gfl\/.

The common-mode voltage at the generator v, and
the differential-mode voltage at the generator vq 4 in the
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Fig. 5. Common-mode and differential-mode probe circuit characteri-
zation setup schematic.

probe circuit simulation setup are defined as follows:
vc,g = U(j:g + U(:gﬂ (2)
Vd,g = v;:g — Vg g 3)

The common-mode voltage at the input balanced log-
ical port (P1) of the probe circuit v.; and the differen-
tial-mode voltage at the input of the probe circuit vq4; in
the probe circuit simulation setup are defined as follows:

Ve = v:i + v “4)

c,i?
Vi, = v;i — Vg ;- 5)

The differential-mode input impedance Z;; and the
common-mode input impedance Z. of the simulated
probe circuit at the balanced logical port (P1) are cal-
culated [10]. The differential-mode input impedance Z4;
and the common-mode input impedance Z.; of the sim-
ulated probe circuit are shown in Fig. 6(a). Both the
differential-mode input impedance and the common-mode
input impedance decrease with frequency, from the nom-
inal value of 1092  and 275 (), respectively. The
impedances decrease to approximately 1/3 of the nominal
value at 8 GHz, while the relative ratio between the two
impedances remains around 4:1 in the entire frequency
range. The drop in impedance at higher frequencies is
a result of the attenuator circuit component and printed
circuit board (PCB) parasitics. The input impedance of
the probe circuit matches the input impedance of the
attenuator structure very similarly, given that the input
impedance of the laser, that is connected to the output of
the attenuator, is matched to the 100 €2 differential-mode
characteristic impedance.

The common-mode and differential-mode voltages at
the generator and at the input of the simulated probe
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(b) Generator and input voltage.

Fig. 6. Probe circuit simulation results. The magnitude of the dif-
ferential-mode input impedance Z4; and the common-mode input
impedance Z.1 are compared (top). The magnitude of the com-
mon-mode generator voltage v, g, the differential-mode generator volt-
age vq g4, the common-mode input voltage v ;, and the differen-
tial-mode input voltage vq ; are compared (bottom).

circuit are compared in Fig. 6(b). Given that the voltages
of the individual generators are set to 1 V, both the
differential-mode voltage at the generator vg 4 and the
common-mode voltage at the generator v., is fixed to
2 V. Both the differential-mode input voltage vg; and
the common-mode input voltage v.; are close to the
generator voltage of 2 V, given that both the differen-
tial-mode input impedance Z;; and the common-mode
input impedance Z.; of the probe circuit are signifi-
cantly higher than the generator differential-mode internal
impedance of 100 (2, and the generator common-mode
internal impedance of 25 ). Both input voltages slightly
decrease with frequency given that both the differen-
tial-mode and the common-mode input impedance de-
crease with frequency, while the internal impedance of the
generator remains constant. Despite the common-mode
input impedance being lower, the common-mode input
voltage is slightly higher than the differential-mode input
voltage, because the common-mode input impedance is
higher relative to the 25 {2 generator common-mode
internal impedance, than the differential-mode input
impedance is relative to the 100 €2 generator differen-
tial-mode internal impedance.

B. Attenuator Signal Transmission

The mixed-mode S-parameter simulation results of the
attenuator used in the probe circuit are shown in Fig. 7.
Both the differential-to-differential transmission coeffi-
cient Sggo1 and the common-to-common transmission
coefficient S..o1 are very stable over the entire frequency
range. The common-mode transmission coefficient is
slightly higher than the differential-mode transmission
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Fig. 7. EM simulations of the attenuator used in the probe circuit
simulation. The magnitude of the differential-to-differential transmission
coefficient Sg421 and the common-to-common transmission coeffi-
cient Scc21 are compared.

coefficient, meaning that the common-mode signal is less
attenuated than the differential-mode signal. The mode
conversion in the attenuator circuit EM simulations is
limited. The mode conversion transmission coefficients
Sac21 and S¢421 extracted from the simulation are signif-
icantly lower than it would be expected in practice. For
this reason, the mode conversion in the attenuator circuit
is not taken into account in this analysis.

C. Impedance Matching Between the Attenuator and the
Laser

The differential-mode output impedance Z;» and the
common-mode output impedance Z., of the attenua-
tor circuit are shown in Fig. 8(a). Both the differen-
tial-mode output impedance and the common-mode out-
put impedance decrease with frequency, from the nominal
value of 1092 Q) and 275 €2, respectively. The impedances
decrease to about 1/12 of the nominal value at 8 GHz,
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(a) Attenuator differential-mode and common-mode output impedance.
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(b) Laser differential-mode and common-mode input impedance.

Fig. 8. Comparison of the EM simulations of the attenuator and the
measurements of the laser used in the probe circuit simulation. The
magnitude of the attenuator differential-mode output impedance Z;o
and the common-mode output impedance Z.o are compared (top). The
magnitude of the laser differential-mode input impedance Z;; and the
common-mode input impedance Z.1 are compared (bottom).
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while the relative ratio between the two impedances
remains around 4:1 in the entire frequency range. The
output impedance of the attenuator circuit is lower than
the input impedance in most of the frequency range.

The magnitude of the differential-mode input
impedance Zy; and the common-mode input
impedance Z.; of the measured laser diode is
shown in Fig. 8(b). The differential-mode input

impedance of the laser is matched to the 100 €
differential-mode internal impedance of the generator.
At frequencies above 6.1 GHz, the differential-mode
input impedance drops off a bit. The common-mode
input impedance of the laser is very high at lower
frequencies and drops gradually, with the minimum
around 4.2 GHz, followed by a resonance and an
antiresonance. The common-mode input impedance
increases for frequencies above 5.6 GHz, but remains
lower than the differential-mode input impedance.

D. Laser Input Voltage

The voltage components at the input balanced logical
port (P1) of the laser, for the differential-mode and
common-mode characterization of the laser by itself are
shown in Fig. 9(a). The voltage components at the input
of the laser extracted from the probe circuit simulation
(Fig. 3), where the laser is connected in cascade with
the attenuator circuit, for the differential-mode and com-
mon-mode characterization are shown in Fig. 9(b). The
common-mode input voltage component v, ;. and the
differential-mode input voltage component v ; 4 for the
common-mode characterization are defined as follows:

:v:i+vgi7 (6)

Veid = v:i — Vg @)

Ve,ise

The differential-mode input voltage component vg ; ¢ and
the common-mode input voltage component vg; . for the
differential-mode characterization are defined are defined
as follows:

Vd,i,d = ’U,—;i - U;,p ®)

V,ic = v;{i + U;’i. ©)]

When the laser is characterized by itself, the dif-
ferential-mode input voltage vgq,; q follows the trend of
the differential-mode input impedance Z;;, while the
common-mode input voltage v, ; . follows the trend of the
common-mode input impedance Z.; of the laser shown in
Fig. 8(b). For the differential-mode characterization, the
differential-mode signal component vg; 4 is around 1V,
because the differential-mode input impedance of the laser
is matched to the 100 €2 generator differential-mode inter-
nal impedance. At frequencies above 6.1 GHz, the differ-
ential-mode voltage component drops with the differen-
tial-mode input impedance. For the common-mode char-
acterization, the common-mode voltage component v ; .
at low frequencies is around 2 V, because of the much
higher common-mode input impedance of the laser com-
pared to the 25  generator common-mode internal
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(b) Input voltage of the laser used in the cascade connection with the
attenuator in the probe circuit simulation.

Fig. 9. Comparison of the voltage at the input of the laser diode
extracted from the measurements of the laser by itself (top), and
extracted from the probe circuit simulation using the cascade con-
nection of the attenuator and the laser (bottom). The magnitude of
the common-mode voltage component v ; . and the differential-mode
voltage component v ; 4 in the common-mode characterization, and
the differential-mode voltage component vg ; 4 and the common-mode
voltage component vg ; . in the differential-mode characterization are
compared.

impedance. At higher frequencies the common-mode volt-
age component decreases as a result of the changes in the
common-mode input impedance. Due to the asymmetry
of the laser, a differential-mode voltage component v, ; 4
is present in the common-mode characterization, and a
common-mode voltage component vg;. iS present in
the differential-mode characterization. These components
slowly increase with frequency.

In the probe circuit, the laser is connected in cascade
with the attenuator circuit (Fig. 3). The differential-mode
and the common-mode voltage at the input of the laser
are dependent on the attenuation of the differential-mode
and the common-mode signal in the attenuator shown in
Fig. 7, and the impedance matching between the output
impedance of the attenuator and the input impedance of
the laser shown in Fig. 8. More common-mode signal
passes through the attenuator than the differential-mode
signal. The differential-mode voltage v4; and the com-
mon-mode voltage v.; at the input of the probe circuit,
shown in Fig. 6(b), are very similar and decrease very
slightly with frequency, so this does not have a significant
impact on the laser input voltage.

The common-mode output impedance Z. of the
attenuator drops gradually with frequency, while the
common-mode input impedance Z.; of the laser drops
quickly up to 4.2 GHz, but starts increasing again after
5.6 GHz. For the common-mode characterization the com-
mon-mode input voltage component v, ; . roughly follows
the trend of the common-mode input impedance of the
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laser. However, compared to the nominal case when the
laser is characterized by itself, the common-mode input
voltage v.; . is higher relative to the differential-mode
input voltage vq; 4 in the lower frequency range up to
1.8 GHz and in the high frequency range above 5.5 GHz,
while it is lower in the frequency range between 1.8 GHz
and 4.2 GHz, as shown in Fig. 10.
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Fig. 10. Comparison of the voltage at the input of the laser extracted
from the measurements of the laser by itself, and extracted from the
probe circuit simulation using the cascade connection of the attenuator
and the laser. The magnitude of the ratio of the common-mode volt-
age component in the common-mode characterization v, ;. and the
differential-mode voltage component in the differential-mode character-
ization vq ; ¢ is compared.

The differential-mode output impedance Zj» of the
attenuator drops gradually with frequency, while the dif-
ferential-mode input impedance Zy; of the laser remains
almost constant up to 6.1 GHz. This means that more
differential-mode voltage vq ;4 is applied at the input of
the laser at lower frequencies, compared to the nominal
case when the laser is characterized by itself.

E. Laser Signal Transmission

The mixed-mode S-parameter measurements of the
laser used in the probe circuit simulation are shown
in Fig. 11. The differential-mode transmission coeffi-
cient Ss491 is relatively stable over the entire frequency
range. At frequencies above 6.6 GHz, there is a slight drop
in the differential-mode signal level. The common-mode
transmission coefficient Ss.o1 increases gradually with
frequency over the measurement frequency range. The
common-mode rejection ratio of the laser drops gradually
with frequency, as shown in Fig. 12. It is above 30 dB up
to 600 MHz and above 20 dB up to 3.1 GHz. It should be
noted that the sudden drop in the CMRR above 4.5 GHz
that is observed in the probe circuit characteristic is not
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Fig. 11. Measurements of the laser used in the probe circuit simulation.
The magnitude of the differential-mode transmission coefficient Ssg21
and the common-mode transmission coefficient Ssc21 are compared.
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Fig. 12. Comparison of the common-mode rejection ratio (CMRR) of
the probe circuit simulation and the measurement of the laser used in
the probe circuit simulation.

present in the CMRR characteristic of the laser, nor the
differential-mode and the common-mode characteristic.
The same is true for the attenuator mixed-mode S-pa-
rameter characteristics shown in Fig. 7.

IV. DISCUSSION

The high frequency drop in the CMRR that is observed
in the probe circuit measurement and simulation results,
shown in Fig. 4, is a result of the interaction between the
attenuator circuit and the laser. Taking into account the
differential-mode and common-mode signal propagation
through the attenuator circuit, due to the impedance
matching between the attenuator circuit and the laser, the
common-mode voltage at the input of the laser increases
significantly in the frequency range up to 1.8 GHz and
above 4.2 GHz, relative to the differential-mode voltage,
as shown in Fig. 10. Because of the higher common-mode
signal relative to the differential-mode signal at the input
of the laser, compared to the nominal case when the laser
is characterized by itself, the CMRR of the probe circuit is
degraded. The probe circuit CMRR is decreased in the fre-
quency range up to 1.7 GHz and above 4.9 GHz. In turn,
in the frequency range between 1.9 GHz and 4.3 GHz,
where the common-mode signal is more attenuated than
the differential-mode signal relative to the nominal case,
the simulated probe circuit has a higher CMRR than the
laser characterized by itself, as shown in Fig. 12.

The impedance matching between the attenuator circuit
and the laser has a crucial effect on the CMRR char-
acteristics of the probe circuit. In particular, the higher
common-mode laser input voltage at lower frequencies,
relative to the differential-mode input voltage, when com-
pared to the characterization of the laser by itself, results
in a relatively stable CMRR up to around 4 GHz. The
typically higher CMRR of the laser at lower frequencies
is flattened out by the higher common-mode voltage at
the input of the laser, that is connected in cascade with
the attenuator. Using the same mechanism, the increasing
common-mode input voltage at high frequencies, relative
to the differential-mode input voltage, when compared
to the characterization of the laser by itself, accelerates
the rate at which the CMRR drops at frequencies above
4.5 GHz, resulting in a steep slope.

A higher CMRR of the probe circuit could potentially
be achieved by reducing the parasitic capacitance in the
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attenuator circuit and the laser diode layout, controlling
the ground paths, and employing more effective com-
mon-mode signal filtering techniques.

V. CONCLUSION

An important mechanism of the common-mode signal
propagation through the probe circuit is demonstrated.
It is shown that not only the suppression of the com-
mon-mode signal and the mode conversion in each part
of the probe circuit is important, but also the transmission
of the differential-mode and the common-mode signal
between the attenuator and the laser. While the CMRR
of the probe circuit is primarily dependent on the CMRR
of the laser used for the electro-optical conversion of
the signal, the CMRR of the system can be increased
above the CMRR of the laser, by optimizing the attenuator
circuit design. The CMRR of the system can be improved
by controlling the output impedance of the attenuator and
the input impedance of the laser, where the portion of
the common-mode signal that is transmitted to the laser
should be minimized, while achieving a high transmission
of the differential-mode signal.
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