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Abstract— Spring clips and fabric-over-foams (FOFs) are widely 
used in mobile devices for electrical connection purposes. 
However, the imperfect metallic connections tend to induce passive 
intermodulation (PIM), resulting in a receiver sensitivity 
degradation, known as RF desensitization. Due to the complexity 
of the PIM characterization, there is not yet a way to evaluate PIM  
performance using a simple setup for environments like factories. 
In this paper, a current-voltage (I-V) behavior-based PIM  
evaluation method is proposed and validated with various metallic 
contacts and contact forces. The test results demonstrated the 
feasibility of the PIM performance evaluation based on the 
measured static I-V curve.

Keywords— passive intermodulation (PIM ), radio frequency 
interference (RFI)， fabric-over-foam ， spring contacts， I-V  curve

I. In t r o d u c tio n

In mobile devices, the degradation of receiver sensitivity 
(desensitization) is a significant concern. One of the causes is 
passive intermodulation (PIM ). PIM  is challenging to identify, 
as there are many causes -  nonlinear materials, poor metallic 
contacts, surface oxidation, vibration, etc. [1]. Moreover, the 
generation mechanisms are complicated-semiconductor, 
electron-tunneling, electro-thermal, micro discharge, and 
contact mechanisms [2 ].

PIM  in mobile applications is commonly caused by loose 
metal contacts. Among the contributing factors to PIM , the 
corresponding contact level is dominant [2 ], which models the 
metallic contacts as a metal-insulator-metal structure with 
current-dependent nonlinearity. This current-dependent 
nonlinearity can be modeled as a nonlinear resistor [3]. It has 
been observed that the PIM  can be predicted based on the 
current voltage (I-V ) characteristics of metallic contacts, the 
study in [4] achieved a good correlation between measured and 
theoretically calculated PIM  under different bias voltages, based 
on the measured I-V  curve of a silicon slice. A  truncated 
current-distortion-based PIM  modeling approach was 
successfully applied in [5], [6 ] on coaxial connectors. The work 
in [7] describes coaxial connectors' PIM  behavior with the 
hyperbolic-tangent-based I-V  curve. Moreover, nonlinear 
mathematical I -V  models could reasonably predict the PIM  of 
N-type coaxial connectors [8 ], [9]. Nevertheless, the above 
work only shows several cases, mostly limited to coaxial 
connectors, sim ilar limitations are also observed regarding other 
PIM  studies.

Presently, the spring clips and fabric-over-foams (FOFs) 
provide a good solution allowing number of modules to be 
assembled in a compact device. At the same time, the spring and 
FO F contacts tend to cause PIM  because the contact junction is 
not soldered, resulting in R F desensitization if  installed with 
insufficient contact force [10]. To characterize the PIM , 
expensive instruments and microwave devices are needed, such 
as s signal generator, duplexer, and spectrum analyzer, but 
usually these instruments are unavailable and inappropriate for 
large-scale testing in  a factory setting. The ability to quantify 
PIM  level in a factory setting would help reduce risk of R F 
desensitization caused by poor metallic contacts. In [11], a low 
cost 4 wire D C R  measurement was proposed to estimate the 
contact generated PIM  for spring contacts. However, the 
drawback for this method was, only the lowest PIM  can be 
estimated but not the level of the PIM  itself for each 
corresponding contact. Therefore, a simple setup to identify 
PIM  risk at each contact is in demand.

In this paper, an estimation method to evaluate the third 
order PIM  ievel of metallic contacts such as springs and FOFs 
from a polynomial fit of a current swept I -V  curve at different 
contact forces is proposed. The third order coefficients of 
different contact cases are extracted and used in  the circuit 
model as figures of merit.

II. M ea su r e m e n t  Sy stem  a n d  Pr o c ed u r es

A. Test Setup
A  measurement system was built to investigate the 

correlation between the PIM  and I-V , as shown in Fig. 1. The 
PIM  level measurement setup was adapted from [10].

Spring contact

Fig. 1. PIM-IV measurement system.
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I f  the negative sweep is processed after finishing the positive 
sweep, the PIM  level may change dramatically.

The highest input power used for this work is 20 dBm, while 
the spring contact resistance is typically several Ohms or lower, 
and the source and load impedance is 100 Q in total, so the 
maximum current is set to be 150 mA. A s the input power 
increases, the current needed likewise increases. For example, 
if  measured to a higher input power such as 30 dBm, then the 
maximum current needs to be 400 mA. During the measurement 
of the D C  resistance by sweeping the current, the I -V  curve of 
each contact case could be generated. From Fig. 4(a), it can be 
clearly observed in the measured I -V  curves that the curves are 
more non-linear with lower contact force, i.e., loose contact 
case, and becomes more linear as the contact force increases. 
Fig. 4(b) shows the corresponding PIM  levels for different contact 
forces. From the correlation, it can be concluded that the nonlinear 
coefficient extracted from the I-V  curve can be used to represent 
and characterize the PIM  level.

The amplified signals (790 and 815 M Hz) are combined and 
then transmitted to the transmitter port of a low -PIM  duplexer - 
frequency range: 790-821 M Hz (Transmitter) and 832-863 
M Hz (Receiver). At the antenna port of the duplexer, the 
combined two-tone signal is injected to the D U T -  the spring 
contact or FO F contact. The other end of the D U T is terminated 
with a high-power and low -PIM  50 Q load. Only the third order 
PIM  (the highest magnitude compared to other higher order 
intermodulation products) has been considered and only 
2 /2 — / x , ( /2 >  A ) is monitored. The induced third order PIM  
(840MHz) is monitored by the spectrum analyzer (SA), with 10 
Hz resolution bandwidth. A  4-wire resistance measurement 
setup was implemented to allow accurate static I -V  tests with a 
source measure unit (Keithley 2401). Surface mount inductors 
were placed to prevent the impact on the R F signal path while 
conducting I -V  tests.

The detailed view of the test fixture for the spring contact is 
shown in Fig. 2(a), the spring clip is soldered on the bottom 
board, and a piece cut out from an actual phone chassis namely 
(landing pad) is soldered on the top board. The top board is 
connected to a force gauge with 0.00 IN  resolution. The top 
board’s height is controlled by a step motor of 0,3 (im 
resolution. According to the S I 1 and S21 performance [10], by 
pressing down the top board until there is a good contact, the 
capacitive coupling between the two boards provides a good 
enough return path.

Fig. 2. Test fixture for spring contact: (a) mil-wave simulation model, (b) spring 
contact -  spring clip and landing pad.

B. I -V  Test Procedures
The signal generators are turned off to disable the PIM  

measurement, and current is then swept from 10 m A to 150 mA, 
for both polarities5 currents: +10 , -10 , +16 , -16 , +22, -22, 
+150, -150  mA as shown in Fig. 3. Gradually increasing the 
current amplitude helps to avoid potential high current melting 
at the tiny contact junction in  the beginning.

n c ___________ 0018N 0.2N

-120
10 12 14 16 18 20

Input Power [dBm]

(b)

Fig. 4. Measurement results for spring clip and chassis landing pad contact 
under different contact forces: (a) I-V curve, (b) PIM versus input power.

The measured I-V  curve is then fitted with a third order 
polynomial and the polynomial coefficients are extracted. The 
third order coefficient, a3, w ill be used later in this paper to 
estimate the PIM  level at each corresponding contact case.

Fig. 
contact.
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⑷ （b)
. I-V test results: (a) I-V curve at loose contact, (b) I-V curve at good

V = a0 % /  +  a2I 2 +  a3I 3 ( 1)

The PIM  levels can be checked before and after the I -V  tests 
to ensure that the contact condition has not been changed. 
Reasonable small differences between pre- and post-PIM the 
contact junction remains unchanged. It was observed that the 
I -V  sweep can dramatically change the PIM  behavior for some 
loose (slight) contacts and the discrepancy between pre- and 
post-PIM was above lOdB. To ensure the measured I-V  curve
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represents the PIM  behavior, only the datasets within 5dB 
discrepancy between pre- and post-PIM were collected in  this 
paper to demonstrate the relationship between the I-V  behavior 
and the PIM  level. Repeatability test for multiple samples were 
taken before making conclusions on the results.

C. P IM  Estimation
A  sim plified circuit model of the test fixture with a nonlinear 

resistor and a 50-ohm load is depicted in Fig. 5. A  nonlinear 
resistor representing the fitted I -V  curve based on (1), is 
represented as D U T. The PIM  level can be estimated based on 
the Vf3 (voltage at the PIM  frequency which equals 2/ 2 -fi) .

The test fixture^ impact is further considered in the 
estimation process, as shown in Fig. 6 . The 3-port S-parameter 
block was extracted from the full-wave simulation in 
representing the test fixture. W hile this approach can better 
represent the actual setup, it was found that the simulation 
results are close enough to the numerical calculation -  within 
1.5dB. Therefore, the numerical approach (6 ) is applied in  the 
following estimation process for implementation. The PIM  
performance of spring and FO F contacts are predicted and 
compared to measured results in this section.

C oaxial cable

D l'T (IV  c u n c )

TLIN

Source 
Z=50 Ohm  
F re q [ l)= n  
Freq[2)=f2

Fig. 6. PIM estimation circuit schematics including the setup impact.

Fig. 5. Schematics of the nonlinearity representation.

The input current of the I-V  block can be expressed as

h n  =  h in ■ COSM^t +  I2 .n ■ C0S(02t ,  (2)

Then (1) can be represented as

 ̂= «〇 + l l =S anhnnr (3)

The third order PIM  component can be extracted (4) and the 
cxirrent can be solved by the cubic equation (5) as follows.

Vn  ^  a 3 J 7i 72 cos{2〇)2 -  t  (4)

a3/ 3 + a2I2 + (ax +ZS+ ZL)I + (a〇 -1 ^ ) = 0 (5)

III. M e a s u r e m e n t  V a l id a t io n  

A. Spring Contacts
In this study, three spring clips shown in  Fig. 7 are used to 

verify the PIM  estimation process. The bottom part of the spring 
clip is soldered to the bottom PCBs* trace and the curved tip 
structure on the other end of the spring, contacts the landing pad. 
The measurement and estimation results based on the spring- 
chassis contact are summarized in Fig. 8 . Note that only the data 
at 20 dBm input power are shown. Nevertheless, it adequately 
represents the simulation performance with 10-20 dBm input 
power because the measured and simulated PIM  follow a 3 dB / dB 
regrowth rate as shown Fig. 4(b).

where Zs is the 50 Q  source impedance, Z i  is the 50 Q. load, and 
Vs is the source voltage. Finally, the PIM 3 can be calculated 
from the power at V /3 and can be expressed as

W M 3 [dSm] =  2(W o " |a3 是沾丨  +  13 .0 1 (6 )

The analytic expression of the PIM  is verified by comparing 
the mathematical calculation with the circuit simulation. Based 
on (6 ), the relationship between the PIM  and the third order 
coefficient as can be extracted as

PIM 3 log10\a3\ (V)

An assumption can be made as (8), because the source and 
load impedance are much higher than the spring contact 
resistance. A s a result, the PIM  is only related to the third order 
coefficient.

(8)

Fig. 7. Three types of spring clip characterized.
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Fig. 8. Measured and simulated PIM (at 20 dBm input power) versus third 
order coefficient (a3) from the fitted I-V curve.

The data points that occurred in the high-PIM  region 
(>—60dBm) are due to lose spring contact, which corresponds 
to stronger nonlinearity. The large discrepancy of the two cases 
marked in  the dashed black block is caused by the self-contact 
effect [12]. There is already a considerable amount of contact
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Fig. 11. Measured versus estimated PIM for FOF #4 at 20 dBm input power: (a) 
PIM versus third order coefficient from the fitted I-V curve, (b) PIM at various 
contact forces.
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Fig. 12. Discrepancy of measured and simulated PIM for various combinations 
of landing pad and FOF.

C. Discussion
Several causes account for the discrepancies. First, the tiny 

contact area of spring contact, especially at loose contact force, 
makes it challenging to achieve an accurate PIM  prediction. The 
smaller the contact area, the higher the nonlinear current density 
for a certain PIM  level, resulting in unstable mechanical 
connection. Therefore, statistical analysis based on a large 
database is needed. Second, the imperfect I -V  test — the current 
path of the static I -V  test may be different from the R F current 
path. The pulsed I -V  tests have potential to overcome the issue. 
Third, the I -V  test itself may change the characteristics of the 
metallic contact, which is why the pre- and post-PIM  need to be 
monitored to make sure the measured I-V  can be correlated with 
the PIM . Besides, only the third order polynomial is applied for 
the I -V  fitting, so numerical error exists. Though higher-order 
polynomial fit allows a better fitting, it increases the possibility 
to cause overfitting.

force when the self- contact is made, so the measured I-V  curve 
is much more linear (i.e., the estimated PIM  level w ill be small). 
On the other hand, the self-contact induces high PIM . A s a 
result， the PIM  is much underestimated since the I-V  
measurement only reveals the main body of the spring clip (of 
low impedance) instead of the self-contact region. Overall, the 
simulation captures the trend: the PIM  is proportional to the
l〇 g i o | a 3 |.

The discrepancy between estimated and measured PIM  is 
summarized in Fig. 9. There are 120 cases in each group, and 
for each group， the measured and estimated PIM  level is 
compared with 10-20 dBm input power. More than 9 6% of cases 
are captured within 20 dB when compared to measurements.

Spring #1 Spring #2 Spring# 3

Fig. 9. Discrepancy of measured and simulated PIM for etched chassis and 
spring clips.

B. FO F Contacts
Four types of FO Fs shown in Fig. 10, are tested. The test 

setup is sim ilar to Fig. 1. The only difference is that the spring 
clip is changed to FO F. The measured and simulated PIM  for 
FO F at 20 dBm input power is shown in Fig. 1 1(a); The PIM  is 
proportional to l〇ĝ _〇\a3\9 as mentioned earlier. In addition, 
from Fig. 11(b), notice that the PIM  level does not always 
decrease with higher contact force, while the I_V based 
estimation can still reasonably capture the trend, prim arily 
within 10 dB discrepancy. More than 500 cases were collected 
with different FO F types and contact forces, and the input power 
is swept among 10-20 dBm for each case. Fig. 12 summarizes 
the discrepancy between the measurement and estimation. 
Ninety percent of the cases from woven-type FO F are captured 
within 10 dB discrepancy.

#2 #3 #4

FoF

Woven type Foil type

Fig. 10. Different types of FOF: The electrically conductive-plated fabric is 
wrapped over a foam, the adhesive layer on the bottom is used for installment 
purposes.

•• T
參  ••

： _

•  • •

< •  Measured
•  Estimated

10°  102 

abs(3rd order coefficient) |a3|

(a)

3

• •••

 ̂ … 丨 

%  •

• 、鲁

%  •

9 i •  •
•  Measured
•  Estimated

• • • . 
•  •

10°  101 
Contact Force [g]

Em
p
l 
i

d

86

Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on September 28,2023 at 19:45:03 UTC from IEEE Xplore.  Restrictions apply. 



IV. C o n clu sio n

An I -V  based PIM  estimation method is proposed to 
estimate the PIM  in spring and FO F contacts. The overall 
discrepancy of PIM  between measurement and I -V  based 
estimation is within 20 dB in 8 5%  cases of spring contacts and 
within 10 dB in  9 0% cases of FO F contacts. It was observed that 
the higher nonlinearity of I -V  shows, the higher the PIM  levels 
are observed. Considering the complexity and expensive cost of 
PIM  setup, a simple way to identify the possible high PIM  risk 
is needed. The I -V  test provides the way with easier 
implementation in massive factory tests. Correspondingly, the 
spring clip and FO F suppliers can have a simpler and 
inexpensive way to try various combinations of material, 
surface treatment, and product shape to optimize the design.
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