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Abstract  –  Using inductive current measurement technique, a  new current probe is proposed that allows transient 

current measurement  on data traces without  disturbing  the normal operation  or transfer  rate of the trace under 

test. The proposed probe layout, circuit model, and frequency response is discussed in detail.

I. Introduction 
Measuring a transient event such as electrostatic 

discharge (ESD) on high-speed data traces such as 

USB or PCI Express (peripheral component 
interconnect express), during data traffic is not trivial. 

The use of any additional series component for this 

measurement may disturb the differential signaling by 

introducing enough parasitics to interfere with the 
normal functionality of the system, and hence disturb 

or even completely interrupt the data transfer.  

One approach to measuring a transient current while 

minimally affecting the data traffic is to use a current 
probe such as a Tektronix CT1 or CT6 [1]. However, 

one cannot simply employ such probes on a differential 

data pairs on a printed circuit board (PCB) because the 

target trace cannot be separated from its return plane or 
its pair in order to provide enough clearance for these 

probes without disturbing the data transfer. 

Another approach is to place a magnetic field probe 

on the trace, such as the one shown in figure 1, and 
obtain coupled voltage due to the transient event. 

Because of the derivative nature of these probes, the 

probe response has to be deconvolved from the 
measurements in order to reconstruct the actual current, 

as described in [2, 3].  

Although this approach has a negligible impact on 

the data traffic due to the small coupling coefficient 

between the probe and the trace, the coupled voltage 
level strongly depends on the probe location, 

orientation, and distance from the trace under test. In a 

scenario where the trace width is comparable or smaller 
than the probe tip such as the one shown in figure 1, 

obtaining repeatable measurements can be difficult, as 

the magnetic field distribution around the trace varies 
significantly. A sub-millimeter change in the probe 

location and/or orientation can change the measured 

voltage level by several dBs. Therefore, any deviation 

from the exact location, orientation, and distance that 
the probe was originally characterized in, cause the 

measured voltage level to differ from the actual value. 

The impact of these dependencies can further increase 
as the trace gets narrower due to greater spatial field 

variation [4].  

In this paper, a new probe is proposed and 

fabricated for measuring transient currents in a data 

 

Figure 1:  Comparing PCB width of a magnetic probe with a 
Gbps differential data pair. The probe has four layers. The 

probe loop could be either on layer 2, 3, or both; either way, 
the picked-up energy would largely depend on the location, 
orientation, and distance of the probe to the trance. Even if 

thinner PCB is used to reduce the effect of orientation, still the 
other two parameters affect the probe readouts.  
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trace under data traffic. The traffic is minimally 
affected due to small mutual inductance between the 

probe and the trace under test (less than 300 pH). The 

designed probe introduces ~20 ps skew to the trace 

under test. This probe is named Zero-Ohm substitution 
probe by the authors, as it can substitute a zero-ohm 

resistor and measure the transient current. A simple 

circuit model is developed for this probe to estimate the 
probe response. This model is then used to deconvolve 

the probe’s response from the measured current and 

reconstruct the actual time-domain transient current.  

 

II. Zero-Ohm Substitution Probe  

A. Coupling Section Design 

The coupling coefficient between the probe and 

PCB trace is a strong function of probe location and 

orientation. By fixing the coupling coefficient (the 
proposed probe), we could remove the effect of 

positioning and obtain a stable reading. Figure 2 shows 

the conceptual illustration of the probe with a fixed 
inductive coupling section while measuring the 

transient current passing through the trace. The probe 

illustration is enclosed with the dashed line. Since the 

distance between the coupled traces is fixed, the probe 
reading does not depend on the probe location, 

orientation, or distance, as opposed to the probe in 

figure 1. This is the advantage of this probe over other 

magnetic probes, such as the one shown in figure 1.  

The parasitic capacitance and inductance of the 
coupled section limit the upper usable frequency of the 

probe. Since most of the energy of an ESD event is 

below 1~2 GHz [3],  the length of the coupled traces 
are designed to be 2.6 mm, through full-wave 

simulation to achieve a resonance-free response up to 

2 GHz. The substrate used for this probe is FR4 with a 

relative permittivity of 3.5. Increasing the length of the 
coupled section allows more energy to get coupled to 

the probe; however, increasing the length beyond 4 mm 

results in a resonance below 2 GHz.  

With a 2.6 mm coupling length and two 0.4-mm 
pogo pins, the total skew added to the trace due to the 

probe can be estimated by equation (1).  

where c is the speed of light in free space, and 𝜀𝑟  is the 
relative permittivity of the board. If the skew is not 

acceptable for an application, the length of the coupling 

section can be adjusted. However, a shorter length will 

result in a weaker coupling. 

 

B. Integrator Design 

Since the coupling mechanism is derivative, an 

integrator is required to reconstruct the current 
waveform. This integrator should have a -20 

dB/decades slope from a few kHz to 2 GHz, which 

means the integrator has to maintain its slope over 
~6 decades; in other words, more than 120 dB dynamic 

range is required, which is not trivial to achieve.  

Due to realization difficulties, the transient current 

is reconstructed in two steps: First, by using a one-pole 

low pass L-R filter over 1 or 2 decades, and second by 
deconvolving the probe response from the measured 

current waveform in the frequency domain to obtain 

the actual current waveform. The latter is explained in 

the current reconstruction section (Section II.E).  

Figure 3 shows the equivalent circuit model of the 

coupling section (L1, L2, and M) and the L-R filter (L3 

and R1), which is used as an integrator here. The knee 

 

𝑠𝑘𝑒𝑤 =
2.6 𝑚𝑚 + 0.8 𝑚𝑚

1

√𝜀𝑟
. 𝑐

  ≈ 21 𝑝𝑠, 
(1) 

 

Figure 2:  Illustration of a trace carrying transient current, and 
conceptual demonstration of the proposed probe with fixed 

coupling coefficient. The probe can be placed on the footprint 
of a zero-ohm resistor or on the trace, after making a small 

cut in the trace. (Drawing is not to scale.)  
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Figure 3:  Equivalent circuit diagram of the probe, including 

the L-R low pass filter.  
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frequency (filter pole) of the integrator can be found 

from equation (2).  

𝑓𝑘𝑛𝑒𝑒 =
𝑅

2𝜋𝐿
≈ 80 𝑀𝐻𝑧. (2) 

Selection of the knee frequency is a trade-off 

between ease of filter realization, and error in the 

reconstructed waveform – Selecting a lower knee 

frequency means larger bandwidth, more dynamic 
range, and hence more realization difficulties, while 

selecting higher knee frequency is translated to weaker 

integration and introducing more error in the 
reconstructed waveform. A knee frequency of 80 MHz, 

for instance, means the filter requires to maintain its -

20 dB/decade slope over 𝑙𝑜𝑔 (
2 𝐺𝐻𝑧

80 𝑀𝐻𝑧
) ≈ 1.4 decades, 

which is easy to achieve.  

Moreover, lowering the pole (knee) frequency 

reduces the magnitude of the probe response after the 

knee frequency, which lowers the coupling coefficient. 
A carelessly selected knee frequency either results in a 

resonance below 2 GHz or a very weak coupling. 

Figure 5 compares the frequency response (S21) of the 
probe circuit model (figure 3) with and without the L-

R filter.  

 

C. PCB Layout 

One major drawback of the design shown in 
figure 2 is its susceptibility to picking up both electric 

and magnetic fields [5]. To avoid electric field coupling 

to the probe, differential traces are used and the 
shorting via is shifted to the middle of the coupled 

section, as shown in figure 4. This approach effectively 

shorts out the coupled electric field while letting the 

coupled magnetic field to reach the output ports. 

Further suppression of unwanted couplings to the 
probe is achieved by routing the traces on the mid-

layers, using stitching vias and polygons.  

Figure 6 shows the layout of the probe tip. 

(Polygons and other layers are not shown for a better 
view.) The yellow trace is located on layer 3, and the 

blue trace is on layer 4 (bottom layer). The transient 

current enters and exits the coupled section (indicated 

by strips) through the “pogo pin” vias and the blue 
trace. The magnetic field is inductively coupled to the 

yellow trace, which is located on the upper layer. The 

coupled energy is then integrated by the L-R filter. 

Figure 7 shows the PCB stack-up of the probe. 

 

 

Figure 4:  Schematic of the proposed differential probe with 

shorting via and fixed coupling coefficient, mounted on a 
trace. (Not drawn to scale.) 
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Figure 5: Frequency response of the equivalent circuit model 
with and without the L-R filter.  

 

 

Figure 6:  PCB layout of differential probe tip. The coupled 
section is shown by yellow-blue strips. The coupled traces 
are 8 mil apart. The indicated bigger vias at the far left are 

dedicated to the pogo pins; they are not stitching vias. The L-
R filter consists of one inductor and two parallel resistors. 
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D. Equivalent Circuit Model 

As shown in figure 3, the coupled section is 

modeled by L1, L2, and mutual inductance, M. Mutual 
inductance is proportional to the length of the coupled 

traces and can be calculated by equation (3).  

𝑀 = 𝐾√𝐿1𝐿2, (3) 

where K is the mutual inductor coupling coefficient 
and indicates the magnetic flux linkage between L1 and 

L2. Through full-wave simulation L1, L2, and M can 

be obtained. While M is a function of L1 and L2, K 
only depends on the geometry of the coupling section. 

By selecting K=0.11, one can simply use the length of 

the coupling section as the value of L1 and L2, in nH; 
i.e., L1=L2=2.6 nH. Therefore, for modeling other 

probes with a different coupling length and the same 

geometry at the coupling section, only the coupling 

length needs to be adjusted in the model. A probe with 
a different geometry at the coupling section calls for 

recalculation of M through full-wave simulation. 

  

E. Current Reconstruction 

The transient current is reconstructed in two steps. 

First, the L-R filter integrates from the current coupled 

into the probe (though the coupling section), which is 

already discussed in Section II-B; then, the probe 
response is numerically deconvolved from the 

integrated data in the frequency domain – either 

measured probe response or simulated probe response 
can be used. Lack of wideband, noise-free data for FFT 

and IFFT transformations strongly (and negatively) 

affects the reconstructed waveform; therefore, 

simulated probe response is preferred. We use the 
probe equivalent circuit model and its transfer function 

for the deconvolution process.  

The transfer function, H, can be calculated using 

equations (4) and (5) assuming a source and a load 
impedance of 50 Ω. Any mismatch between this model 

frequency response and the probe response directly 

affects the reconstructed current. Equation (6) shows 
how the deconvolution is carried out and the current is 

reconstructed in the time domain.  

𝐻(𝑓) =
𝑉𝑜𝑢𝑡

𝑉𝑖𝑛

= [
(50 +  𝑗𝜔𝐿1)

𝑗𝜔𝑀
(1 +

𝑗𝜔𝐿3

𝑅2

 

+  
𝑗𝜔𝐿2

𝑅2

) −  
𝑗𝜔𝑀

𝑅2

]

−1

, 

(4) 

𝑅2 = 𝑅1

50

𝑅1 + 50
 ,  (5) 

where, L1 = L2 = 2.6 nH, L3 = 20 nH, and R1 = 10 Ω 

(see figure 3).  

𝑅𝑒𝑐𝑜𝑛𝑡𝑟𝑢𝑐𝑡𝑒𝑑 𝑡𝑟𝑎𝑛𝑠𝑖𝑒𝑛𝑡 𝑐𝑢𝑟𝑟𝑒𝑛𝑡(𝑡)

=  𝐼𝐹𝐹𝑇 {
𝐹𝐹𝑇{𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑎𝑓𝑒𝑟 𝑡ℎ𝑒 𝐿𝑅 𝑓𝑖𝑙𝑡𝑒𝑟} 

𝐻(𝑓)
}}.  

(6) 

  

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 7:  3D view of the PCB stack-up; (a) top layer, (b) 
middle layer 1, (c) middle layer 2, (d) bottom layer.  
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In order to remove possible artifacts near DC and 

remove high-frequency noise, a single-pole high-pass 
filter with a cut-off frequency of ~300 kHz and a 

single-pole low-pass filter with a cut-off frequency of 

~6 GHz is applied to the data before performing the 
FFT in equation (6). The imaginary part of this 

equation is practically zero. 

 

F. Validation 

1. Insertion Loss Validation 

Figure 8 illustrates the close-up view of the 

fabricated probe. Figure 9 shows the setup used to 
obtain the frequency response of the fabricated probe. 

The 50-Ω trace is 3 mm wide and has a 0.3 mm gap. A 

wideband, 180º hybrid is used to combine the probe 
outputs. A hybrid is a matched microwave device with 

four ports [6]. The signals fed to ports A and B of a 

180º hybrid are combined in-phase and out-of-phase 

and appear at the Σ and Δ ports, respectively. To 

combine the probes differential output, the Δ (out-of-

phase) port is used. The Σ port is terminated to 50 Ω.  

 Figure 10 compares the simulated insertion loss 

obtained from the model (figure 3) with the measured 

insertion loss obtained from figure 9. At low 
frequencies, less energy is coupled to the probe, 

approaching the VNA noise floor, hence the noisy 

behavior at low frequencies. The small resonance near 
2 GHz is caused by the hybrid; it has a limited 

bandwidth of 2 GHz.  

The effect of the trace width on the measured 

insertion loss is also studied. It is found that decreasing 

the trace width from 3 mm to 0.4 mm while 
maintaining a 50 Ω impedance leads to less than 1 dB 

difference in insertion loss.  

 

2. Transient Current Measurement Validation 

Figure 11 shows the measurement setup used to 
validate the probe readouts. A Tektronix CT1 probe is 

used to verify the readings of the proposed probe. For 

this measurement, the 50 Ω impedance is maintained 
inside the CT1 loop by using a custom-designed 

coaxial structure. For a differential pair, this approach 

is not applicable as the differential traces cannot be 

separated while keeping their differential and common 

mode impedances intact.  

As shown in figure 11, a transmission line pulse 

generator (TLP) injects a 50 V, 7 ns pulse into the trace. 

About 1 A of current is expected to be measured by the 
probes. Figure 12a compares the measured currents by 

the CT1 and the Zero-Ohm substitution probe. The 

effect of the L-R filter (integrator) can be observed. 

After deconvolving the probe response from this result, 
the actual current waveform can be reconstructed, 

 

Figure 8:  Microscopic view of the fabricated probe. The L-R 
filter is located on the other side of the board.  

 

Figure 9:  VNA measurement setup to obtain insertion loss of 
the probe. The transmission lines connecting the probe to the 

hybrid should be as similar as possible. (Drawing is not to 
scale.) 
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Figure 10:  Frequency response of the fabricated probe 
compared to its circuit model. The probe coupling length is 

2.6 mm. The circuit model is shown in figure 3.  
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shown in figure 12b. A good agreement can be 

observed.  

 

 

III. Application 
Figure 13 shows a measurement setup where the 

probe is used to measure the transient current entering 

the USB hub IC. A flash drive is connected to the hub 
and communicates with the IC. A 7-ns pulse is injected 

into the trace under test using TVS injection method. 

Refer to [7, 8] for more information about this injection 

method. As shown in figure 13c, the probe is placed 
between the injection point and the hub IC to measure 

the current going into the IC. It is expected that part of 

the injected current is absorbed by the flash drive on 
the left and the rest get reflected. The reflected portion 

will then appear with a delay at the hub IC and is 

measured by the probe.  

Figure 14 shows the transient current going into the 

hub IC. Data traffic was present on the differential pair 

 

Figure 11: Measurement setup to compare the probe readings 
with a commercial Tektronix CT1 probe. A custom-built 

enclosure for the CT1 probe allows for maintaining the 50 Ω 
impedance while measuring the transient current passed 

through the CT1 probe.  
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     (a)                                                 

 

 (b) 

Figure 12:  Comparison between the current measured by CT1 
probe and the Zero-Ohm substitution probe; (a) CT1 current 

Vs. unprocessed waveform, (b) CT1 current Vs. reconstructed 
current. The corresponding measurement setup is shown in 

figure 11.  

 

 

(a) 

 

(b)  

 

(c) 

Figure 13:  Setup for measuring the transient current injected 
into one trace of a differential pair. The DUT is the hub IC. 
(a) DUT and probe; (b) close-up view of the probe position; 

(c) block diagram of the injection and the measurement setup. 
The data is bidirectional. (The hybrid is not shown.)  
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when the hub was powered ON. The second bump 

(roughly from 9 to 16 ns) corresponds to the transient 
current reflected from the flash drive that enters the hub 

IC after bouncing back. As observed, when powered 

ON, the flash drive reflects less energy, causing the 

bump to differ under powered ON and OFF conditions.  

Mounting a 1.1 kΩ pick-up resistor (Pick-Tee) at 

the IC pin, we can observe how the IC pin voltage 

varies during the transient stress, for powered ON and 

powered OFF conditions. As shown in figure 15, a DC 
bias of ~1 V is present on the data trace when the hub 

IC is powered ON and is visible before the transient 

event. During the stress, the IC internal protection turns 
on, limiting the IC pin voltage to ~6 V. After the 

failure, the DC bias is lost (see the voltage near 30 ns). 

The stress caused the hub-flash connection to fail. A 

power cycle was needed to re-establish the connection.   

 

IV. Summary and Conclusion  
Measuring a transient current on a high-speed data 

trace when in the presence of data traffic is not trivial, 
as the current monitoring equipment can negatively 

affect the data transfer rate. This problem can be 

bypassed by using a magnetic field probe to monitor 
the transient current; however, the probe’s readings 

might significantly change depending on the probe 

location, orientation, and distance from the data trace. 

This paper presents Zero-Ohm substitution current 
probe to drastically reduce these dependencies. As 

opposed to a magnetic field probe, the presented probe 

produces stable readings, thanks to its fixed coupling 
coefficient. The probe was fabricated on a 4-layer FR4 

substrate. Its current readings as well as its equivalent 

circuit model was validated. The proposed probe was 

used to measure the transient current in the data traces 

during data transfer. 
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