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Abstract— Passive intermodulation (PIM) by metal contacts
limits the bandwidth and capacity of radio links used in mobile
and satellite communications. In this work, we investigate the
effect of nonlinearities in metal-insulator-metal (MIM) contacts
and their effects on PIM generation. An analytical expression is
obtained for the tunneling current density which has an error
of ~1.6% in the case of a very thin insulator and low voltages
in MIM junctions. The presented analytical model of the contact
surfaces with the fractal geometry is used to simulate PIM
products of third-order (PIM3) and fifth-order (PIMS5) versus the
contact resistance and applied pressure. The simulation results
are validated experimentally by an open-ended rectangular coax-
ial structure with a slotted enclosure. The measurement results
demonstrate that the presented model predicts the PIM with a
mean error of about 4.8 dB when the contact pressure varies
from 0.5 to 1.7 MPa.

Index Terms— Contact nonlinearity, metal-insulator-metal
(MIM) junction, metal-to-metal contact, passive intermodula-
tion (PIM), signal distortion, tunneling current.

I. INTRODUCTION

ASSIVE intermodulation (PIM) in communication sys-

tems and their components has been the subject of
intensive studies for more than 50 years [1], [2], [3], [4], [5],
[6], [7], [81, [9], [10], [11]. PIM in conductor joints and con-
nectors which is primarily caused by their nonlinear voltage-
current relations [12], [13], [14], [15] has recently attracted
particular attention. Several different mechanisms of nonlin-
earity may coexist and include charge tunneling [13], [16],
the electro-thermal effect [17], thermionic emission [12], [13],
Fowler-Nordheim electron transmission [18], [19], and
mechanical deformations [20]. However, the electro-thermal
effect is notable only when the high-power carrier frequencies
are very close to each other and the mechanical defor-
mations develop very slowly. Also, the Fowler—Nordheim
current appears only at an extremely high electric field
exceeding 1 GV/m, whilst the thermionic emission occurs at
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Fig. 1. MIM contact junction of conductors with rough surfaces. Thin

insulator films at the contact spots of asperity tips are shown in red.

temperatures above 1000 K. Therefore, the tunneling current
in metal-insulator-metal (MIM) junctions is the dominant
nonlinear effect at RF frequencies. In the case of a very
small contact area, commensurate with the electron-free path
in metal, the charge flow is constricted and manifests itself
in higher resistance. This effect can be described by Maxwell
Sharvin resistance [21] which is smaller than the tunneling
resistance of the oxide layer in MIM junctions.

Charge tunneling in MIM junctions plays an important
role in the contacts of good conductors because its timescale
is commensurate with the periodicity of the high-power
RF signals. This effect determines how the charges flow
through extremely thin films of oxide in contact joints. The
electron transmission in MIM junctions is usually described by
the Wentzel-Kramers—Brillouin (WKB) approximation [22].
Based on this model and the Fermi-Dirac distribution of
electrons inside the metal, Holm [12] and Simmons [13] have
obtained the simplified voltage-current relations for ideal MIM
junctions. Simmons model proved to be fairly accurate for
oxide layers thicker than 2 nm. But at thin oxide layers,
commensurate with a few lattice constants, Simmons model
falters and must be refined.

As shown in Fig. 1, the actual contact area of rough
surfaces is always smaller than its nominal area [23]. This
is the result of surface roughness, which can be described by
Gaussian or Weierstrass—Mandelbrot (WM) distributions [20],
(23], [24], [25], [26], [27], [28], [29], [30], [31], [32], [33],
[34], [35], [36], [37]. These patterns of contact asperities
have been used for evaluating the contact resistance of
micro-electromechanical systems (MEMS) [20], [29], [30],
[31], [32], [33], [34], [35], [36], [37]. Nonlinearities of the
contact joints of rough conductors have recently attracted
significant interest in the waveguide flanges, conductor joints,
and connectors [6], [38], [39], [40]. The effect of the surface
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roughness of the waveguide flanges was investigated in [6].
It was demonstrated that the contact pressure and the flange
deformations might considerably affect the contact nonlinear-
ity. The nonlinear behavior of the coaxial connectors with
rough surfaces of the contact joints was studied in [40]. The
model [40], based on the Simmons approximation and Ansys
simulation of contact mechanics, has shown a reasonable
correlation with the measured PIM products.

In this work, the Simmons model is extended and validated
experimentally. The developed test setup enables PIM products
of third-order (PIM3) and fifth-order (PIM5) measurements.
The model accuracy is confirmed by the PIM3 and PIMS5
measurements of the dedicated test fixture.

The article is organized as follows. A proposed modi-
fied model of the MIM junction with thin insulating layer
and its analysis are presented in Section II. The effects
of mechanical deformations are discussed in Section III.
In Section IV, an equivalent electric circuit of the contact
surfaces is presented. Section V describes the measurement
setup for the 700 MHz band and presents a comparison
between the simulations and measurements. The Conclusions
summarize the main results.

II. MODEL OF MIM JUNCTION

In MIM contacts with a thin insulator layer of nanometer
thickness, electrons can tunnel through the potential barrier
and sustain an electric current. The probability that elec-
trons with energy U pass through a potential barrier can be
described by WKB approximation as [13].

JU) = exp(—%”/ ’ V2m(n + o(x) — U)dx) 1)

where £ is Planck constant, s; » are the bounds of the potential
barrier at the Fermi level n of the metal, m is the mass of
an electron, x is the coordinate inside an insulating layer,
and ¢(x) is the potential barrier taking into account the image

potential [13].
(x) eV, —
X) =@y — —e
(4 %o s 8 47T8 (ns)2 —x ]
X &2 X T X
=gqy— —eV, + [CE—H/f(—) +_00t(77_)]
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@o is the potential barrier height above the Fermi level of
metal, Vj is the external voltage between the electrodes in the
MIM junction, e is the electron charge, s is the physical thick-
ness of the oxide layer with permittivity ¢, Cg = 0.577215665
is Euler’s constant, and 1 () is the psi-function. The last term
in (2) represents an image potential that reduces the height and
width of the potential barrier ¢(x). Its effect is particularly
notable for small thicknesses s of the insulating layer, as will
be discussed later.

The integral (1) cannot be evaluated analytically and J(U)
is approximated in [13] as

(U, V) ~ exp(—A,/n +@(V,) — U) 3)

where A = 4w As(2m)'/?/h, As = s — 51, §(V,) is the aver-
age height of the potential barrier ¢ (x) of the insulating layer.

3
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When voltage V,, applied to the MIM junction, is smaller than
max{g(x)}, ¢(x) is approximated as ¢(V,) = @o — eV, /2,
where @ is the average height of the potential barrier at zero
external bias. Then the current density in a contact junction is

En _
i(Ve) :e/o (U, Vo) IN1(U) — Noy(U)1dU - (4)

where E,, is the maximum energy of electrons which depends
on their energies in conductors and E,, = n at zero tempera-
ture. N1(U)dU and N,(U)dU are the numbers of electrons in
each conductor with an energy level between U and U + dU,
where Ni(U) and N,(U) are [15].
U—=n
kT

dmmkT |
3 n|1+exp{—

dmmkT U+eVy,—n
Tln[l +exp(—T):| )

where k is the Boltzmann’s constant. When temperature 7
approaches zero, Ni(U) and N»(U) become step functions
and j(V,) is obtained in closed form

N(U) =

Ny (U) =

J(Ve)
_ " -
eV, / exp(—A,/n + (E(Vg) — U)dU
4mrme o
= |
+ / (n— U)EXP(—A\/U +@(V,) — U)dU

E(o(v)) exp(~4,2(v) '

—&(a(V, )+eV)exp(—A (Z)(Vg)—i-eVg)

=K
AV,
—E(ayn+e(v) + 1)exp(-ayn+a(v,)) |
(6)
where £(0) = (A(0)"/?)2+3A(0)'2+3, k = (16wme/A*R3).

The last term in (6) is small at n > @(V,) and can be
neglected [13]. Then, the tunneling current density j(V,) in
the MIM junction becomes

j(vg) ~ jo[v(@(Ve)) — v(@(Ve) +eVe)] )

where jo = e/2mhAs?, and

v(n) =u exp(—Aﬁ) |:1 + 3i+21j| ®)
(Avu)

At As > 2 nm, the last term in the square bracket of (8)
rapidly decays and becomes small. Then (7) is reduced to
the Simmons equation [13]. However, at Asc~ 1 nm, both
terms in the square bracket of (8) are commensurate and
must be retained. The tunneling current dependence on the
contact voltage V, is shown in Fig. 2, where approximation (7)
and the Simmons model are compared with the numerical
calculation by WKB method. The simulation results show that
approximation (7) is close to WKB method at small s and low
voltages. But the difference increases when voltage bias V,
becomes larger and the effective thickness s of insulator
become smaller as demonstrated by Fig. 2 and in Table L.
Simmons model and approximation (7) follow the same trends
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Coefficient g; describes a linear conductance per unit area
. s=0.5nm_/ s=1 nLn,/’ s =1.5 nm of the MIM junction whilst g3 and gs describe the contact
10 nonlinearity. Then PIM products generated by MIM junctions
. i at the asperity contacts are evaluated with approximation (9).
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Fig. 2. Tunneling current density in MIM junctions for ¢p = 2 eV and

e = 9.3 at different thicknesses s of insulating layers. At small voltages,

refined (7) is in agreement with the numerical analysis based on WKB
approximation (1).

TABLE 1
CURRENT AS A FUNCTION OF VOLTAGE
V=1V V=5V
soom | sV | T(7.) | sV | sV | T (V) | s
0.5 1.20x10° | 1.18x10% | 522.95 | 7.96x10°| 1.13x10° -
1.0 0.85 0.78 0.58 1.05x10% | 1.03x10* | 3.31x10°
1.5 9.18x10* | 7.96x10* | 6.60x10*| 480.85 462.93 241.70

Current densities in mA/pm? calculated at voltage biases 1V and 5V: jxs(Vy)

- WKB approximation, j(V g) - eqn. (7), and js(V;) - Simmons model.

in Fig. 2 but their current densities differ. The numerical
estimates in Table I at V, = 1 V and V, = 5 V show that
the current densities calculated by the Simmons model have
a bigger error as compared to the refined model (7). Table I
shows that the error of (7) is 1.6%, 8.2%, and 13.3% atthe 1 V
bias and oxide thicknesses of 0.5, 1, and 1.5 nm, whereas the
errors of the Simmons equation are 56.4%, 31.7%, and 28.1%,
respectively.

It is necessary to note that both the Simmons model and (7)
are valid only in the limited range of V,. This is evident
in Fig. 2 where the current density, calculated by the Simmons
model suddenly drops and deviates from the WKB model.

At low voltages V,, ¢(V,) =~ ¢o — eV, /2, j(V,) can be
approximated by a few terms of the series expansion of (7)

J(Ve) = g1V + g3V,; + g5V, + 0(V]) )
where
g1 =miwe <1 —;:1() exp( A\/>) (10)
s A -
g3 =miwe u—\/fanp(_A (po) (11D
(4% + 3(Af +1))
J— eXp( Af) (12)

38400, e

III. CONTACT DEFORMATIONS OF ASPERITIES
A. Profile of Rough Surfaces

The surface roughness profile is described by WM distri-
bution [26], [27], [28]. WM function is self-affine but not
differentiable that is compatible with the contacts of rough
surfaces. The surface profile is described as [28].

z(x, y)
G\ P2 [y \ /2 L, e
(& Iny (D—3)n
() () 2=
2yt x2 + y?
x 1 o8 (@m,n) — cos —— ——cos
mm
X (tan’l(%) — V) + ¢m,ni|}
(13)

where z(x, y) is a profile of the asperity heights, L is
the sample length, G is fractal roughness that is a scaling
parameter independent of frequency, D is the fractal dimension
(2 < D< 3), @i, 1s arandom phase varying between 0 and 27,
M is the number of superposed ridges used to construct a
surface, and npm,x = int[log(L/Ly)/log(y)] is the index of
the maximum asperity frequency corresponding to the sample
length, L is a cut-off length, and y is a scaling parameter
(typically y = 1.5), which depends on surface flatness and
asperity distribution density.

B. Contact Area of Rough Surfaces

Surface profiles of the contact surfaces are described by
WM distribution. They allow us to model the contacts under
pressure and evaluate an actual contact area and contact resis-
tance. This approach has been developed in [20], [29], [30],
and [31], and it is briefly outlined here. Following [20], [29],
Maxwell’s conductance oy is represented as

A;/z 2\/5 D—1 s\ 172
og = (CIL)
p1+p /7 \D -2

a'* (D-2)/2 a (D-2)/2
X ﬁ(—f) — ﬁ—l)(L) —1
ag a
(14)

where A, is a nominal contact area, p;, are resistivities of
the contact conductors, D is the fractal dimension of the
surfaces, a}f = a; /A4, a)f = a./A,, and af = al/A, are
the normalized largest, smallest, and critical truncated areas,
respectively. The critical truncated area a, is defined as the

boundary between the elastic and plastic deformations

1/(D—2)
a2 EN, Y
a.=—|"——) Iny

4 |5 \ky

where E = [(1 — v})/E; + (1 — v3)/E;]7! is the reduced
elastic modulus, vy, v, and E|, E, are the Poisson’s ratios and

15)
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elastic moduli of the two surfaces, respectively; b = (k/2)?
with k = 0.454 + 0.41v,, v; is the Poisson ratio of the softer
material; K = 2.8 is the ratio of material hardness to yield
strength Y; y and D are the adjustable parameters of the WM
function; a_; = nrsz ~7-107° ,um2 at the radius of the smallest
microcontact r, ~ 1 nm that is commensurate with the lattice
constants of good conductors [20].

The largest normalized size of the truncated contact area a;"
can be obtained numerically from (16) for the known force F
applied to the contact and the small initial value of a}*, varying
between 0 and 1

D—1 a’* 3-D)/2 a'* 3-D)/2
(B3] (5) - (5)
3—D aj ay

29/2—D D—1 G D-2 a’* (4-D)/2
AaE—— 1 -+
" 3 5/2—Dm(\/_Aa) (n)

a*\ 32D
x [1—{—;
ap
where K is the ratio of hardness to yield strength, Y is the yield
strength (typically K = 2.8 and Y &~ 300 MPa), E is Young’s
modulus of the material, and y is the adjustable parameter in

the WM function. Once 4} is obtained numerically from (16),
the real contact area A, is calculated for a given F as

A (D= 1) . aé* 3-D)/2 a;* 3-D)/2
A= So——sar | (55 —o( % 1.
23— D) aL* aj

a7)

(16)

When the contact surfaces are oxidized, the contact resis-
tance of a microcontact is determined by the charge tunneling
described in Section II. Then the linear tunneling conductance
is approximated as o, = g1 A, where g; is defined in (10)
and A, in (17). Thus, o, can be readily taken into account
at oy KLoy.

IV. EQUIVALENT CIRCUIT MODEL OF CONTACT JUNCTION

Fig. 3(a) illustrates the equivalent circuit of the PIM
measurement setup, which contains a RF source (described
by P; and Z;), a transmission line with characteristic
impedance Z., contact resistance R; (tunneling resistance),
capacitance Cp, and a low PIM load with impedance Z;.
Since the contact nonlinearity is weak, the source current in
a matched circuit is evaluated at carrier frequency wy (k = 1,
2 denotes the first and second carriers, respectively) as

2Ps (a)k)

I () = Z
L

(18)
where Py(wy) represents the carrier power at frequency wy.
Subsequently, the voltage drop of each carrier in the contact
junction is calculated as

I (e P

Vi = Viwy) = (19)

1
1+ jorCLRy
where B/ is the phase change due to carrier transmission from
the source (PIM analyzer) to the contact point and R, = 1/o;.
When the contact junction is exposed to the high-power
carriers, it acts as a weakly nonlinear source. Fig. 3(b) shows
an equivalent circuit of the junction with a source current ippy
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Characteristic Impedance

i

Z: I3 e
7 Z
C
(b)

Fig. 3. Equivalent circuit of contact. (a) At carriers’ frequencies. (b) At PIM
frequencies.

which is a mixing product described by the tunneling current
density multiplied by the real contact area when the total
voltage at carriers’ frequencies is represented by the sum of
the carrier voltages given in (19).

It is necessary to note that our analysis is based on the
approximation of a uniform current distribution at the contact
spots. This allows us to model the contacts of rough surfaces
with a random distribution of asperities of different sizes.

Nonlinearities of contact junctions are usually weak, and the
mixing products that they generate are much weaker than the
high-power carrier signals. Then the current of mixing prod-
ucts generated by the nonlinearity of R; can be represented in
the time domain by a few terms of the Taylor series

i(t) = Za,,v(l)".

n=3
When i(¢) and v(¢) are the current and voltage of nonlinear
element R;, respectively, a, = g,A, where the nonlinearity
coefficients g, are defined in (11) and (12) and the real contact
area A, is obtained from (17). The voltage v(¢) is the sum
of the two carrier voltages of frequencies w; and w, with
amplitudes defined in the steady-state regime in (19)

v(7) = |Vi|cos(wir + 01) + | V2| cos(wat + 6) (2D

where |Vi| and 6; are the voltage amplitude and phase at
carrier frequencies wy, respectively. Substituting (21) in (20)
and collecting the terms with the same frequencies allows us
to obtain the mixing products. Then the currents of the third
and fifth-order PIM products are

(20)

. V12| V2l
ipM3 = 17[6613 + 5as(2|V11* + 3| V2|?) ]
X cos((2w; — wo)t+ 2601 — 6;)
Sas| Vi3 | V2|
IpiM5 = aS|I—||2| cos((Bw; — 2wy)t 4+ 36, — 26;). (22)
When the source impedance Z;, the characteristic

impedance of the transmission line Z,, and the load impedance
Z; in the circuit of Fig. 3(b) are identical, the voltage
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Fig. 4. ADS harmonic balance analysis of the equivalent circuit in Fig. 3.
The PIM3 and PIMS5 products, denoted M1 and M2, respectively, are in good
agreement with the presented analysis.

magnitude at the load is approximately obtained at the PIM
frequency as

1 RiIpv
Vem = 2 =
Vv 1+ (wpmmR1Cr)

where the bold letters represent amplitudes of the cosine
functions. The power of the output signal at the dBm scale
is obtained at respective PIM frequencies as

V2
) 430,

(23)

27, (24)
The magnitudes of PIM3 and PIMS products, calculated
from (18) to (24), are —114.49 and —146.43 dBm, respec-
tively, at frequencies fprmz = 2 o — f1 and fpms = 3 f>
— 2 f1, where f; = 730 MHz, f, = 746 MHz. They are
obtained at Z; = Zg =7, = 50 Q, P, =20 W, C; = 100 nF,
a; = 100 A/V, a3 = 10° A/V3, a5 = 10° A/V3, Ry = 1/a; Q.
The results of the harmonic balance analysis of the equivalent
circuit of Fig. 3(a) in ADS simulator are shown in Fig. 4
and demonstrate the high accuracy of the analytical model
presented in this section.

PPIM[dBm] = 1010g(

V. MEASUREMENT SETUP

The measurement setup for evaluating PIM products gen-
erated by MIM contact joints is shown in Fig. 5. In contrast
to the test fixture used in [10], the contact junction is studied
in a coaxial structure. An aluminum tube with a square cross
section of 25.2 x 25.2 mm? and 3.3 mm thick walls acts as an
outer conductor of the coaxial line. The total length of the tube
split in two halves is 300 mm, and a continuous square-shaped
inner conductor with a cross section of 7.95 x 7.95 mm? has
the length of 234.8 mm measured between the centers of DIN
7/16 connectors. The connectors are attached at the distance
of 37.5 mm from the open ends of the outer conductors, sep-
arated by a 2 mm wide slot in the middle, as shown in Fig. 5.

The hollow sections at the open ends of the enclosure have
a cut-off frequency f. = 4.71 GHz. Therefore, the two open
ends of the fixture are well below the cut-off frequencies
at the carrier frequencies f; = 730 MHz, f, = 746 MHz.
So, the leakage of the TEM waves traveling in the coax-
ial line between the connectors is practically negligible.
The PIM products of frequencies fpvsz . = 714 MHz,

Fig. 5. Test device for PIM measurements in the 700 MHz band. An inner
conductor is present only between the connectors. The hollow ends of the
square aluminum enclosure have a cut-off frequency of 4.71 GHz.

25k / -
—s ! 1|-Measurement

— s, [-Measurement 7

Scattering Parameters (dB)
0
[}

s 1 |-Simulation

35F
— |s,,|-Simulation
40 . . . .
0.5 1 1.5 2 2.5 3
Frequency (GHz)

Fig. 6. Measured and simulated scattering parameter of the test device. At the
reference frequency of 730 MHz, RL = 13.0 dB and IL = 0.27 dB.

fevs,u = 762 MHz, and fpvs,. = 698 MHz, feims,u = 778
MHz are well below the f, too.

The scattering characteristics of the test fixture with a
20 x 10 x 4 mm? conductor bridge between two halves of
the outer conductor are illustrated in Fig. 6. They show that
the return loss (RL) is 13.0 dB and the insertion loss (IL)
is 0.27 dB at the carrier frequency of 730 MHz. When the
conductor bridge connects the two halves of the waveguide
enclosure, the carrier leakage through the slot is ~1.1%
at 730 MHz. However, such weak radiation strongly affects
the measured PIM when the contact of the bridge with the
waveguide is loose. The CST simulations, validated against
the measurements, confirm that the bridge current obtained
from (18) is 2.26% lower than the corresponding value
obtained from CST at 730 MHz.

A. DC Resistance of Contact Junctions

The gap between the two halves of the waveguide enclosure
shown in Fig. 5 is bridged by an aluminum (Al) strip in
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Fig. 7. Four-wire test setup for measuring dc resistance versus pressure.
The bridge is the only contact between the two halves of the aluminum tube
with the m§2 resistance. The dc contact resistance is measured with a Keithley
DMMG6500 digital multimeter at variable pressure on the contact plate.
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50 10.46 ©

] 3 'y 2 "
0 L M | - 1= X 0.44
0.5 1 1.5 2 25
Pressure (MPa)
Fig. 8. Measured and simulated dependence of the dc resistance on the

contact pressure along with the normalized standard deviation. The simulation
parameters: the contact size is 2 X 1 cm?, L = 1.41 cm, y =15 D =24,
G =5 x 10 — 11, E = 70 GPa, Poisson ratio of metals v = 0.33, the
yield strength ¥ = 270 MPa, K = H/Y = 2.8 where H is the hardness,
s = 0.925 nm, ¢9 = 2.95 eV, and oxide permittivity &, = 9.3.

the middle. When the pressure is applied to the bridge, varia-
tions of the contact resistance are measured with a four-wire
test setup (Kelvin clips). The force applied to the Al strip is
measured by the gauge (TopHomer 500 N) shown in Fig. 7.
The test results are averaged over ten measurements at each
pressure varying from 0.2 to 2.5 MPa. Surface roughness of a
few microns is simulated at the parameters y = 1.5, D = 2.4,
and G =5 x 107! used earlier for the realistic surface profiles
in [34]. The chosen potential barrier height for Al,O5 is half
of its bandgap [31]. The simulated and the measured mean
values of the dc resistance are shown in Fig. 8 and demonstrate
a good correlation at pressure values exceeding 1.3 MPa.

B. RF Resistance of Contact Junctions

In contrast to dc current in the bridging strip, which occu-
pies the whole of its volume at the contact junction, RF current
is confined to the proximity of the slot in the waveguide
enclosure. As a result, the RF current is crowded near the
slot edges. Therefore, it is necessary to assess the relationship
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Fig. 9.  Simulated (S) and measured (M) PIM3 and PIMS5 products at

carrier power 2 x 43 dBm in the 700 MHz band. The input parameters
are retrieved from the measured resistances and the RF Ratio § = 0.05.
f1 = 730 MHZ, fz = 746 MHZ, fPIMS =714 MHZ, fPIMS’ L = 698 MHZ,
frims, and U = 778 MHz.

between the dc and RF current patterns in the contact bridge.
Their ratio is represented by parameter § which is obtained by
fitting the PIM3 curves in the 700 MHz band.

The PIM3 and PIMS5 products versus dc resistance of
the contact joint are obtained from the model described in
Sections II-1V. They are compared in Fig. 9 with the measure-
ment results obtained by CCI PIMPro 700 PIM analyzer at an
input power of 2 x 43 dBm. These plots provide insight into
the accuracy of the models used for PIM product predictions.

At low pressure, the contact resistance is high and represents
a dominant PIM source. Then the model, based on § = 0.05 for
the ratio of RF contact area to dc contact area, predicts PIM3
fairly well. When the contact pressure increases, the junction
resistance reduces, and its nonlinearity becomes comparable
with other nonlinearities of the measurement setup. Then
the test results deviate from the simulations. It has been
also observed that the level of PIMS products in the upper
band of 778 MHz is always higher than in the lower band
of 698 MHz.

The measured and simulated PIM3 products are shown
in Fig. 10 in dependence on the contact pressure. The
tests are performed at the carrier input powers of 2 x 43
and 2 x 30 dBm at each pressure. They allow us to assess
the slope of PIM3 products versus input power. All mea-
surement results exhibit a slope of 3 dB per dB at the
contact pressures less than 1.4 MPa but above 1.4 MPa the
slope decreases. At high contact pressure, the PIM3 level
decreases and becomes comparable to the residual PIM level
of the test setup. The variation in measurements is possibly
caused by the non-uniformity of the actual surface profile. The
mechanical model discussed in this article presents the average
contact area for different realizations of the WM function.
Nonetheless, given the large size of the contact area, it can
be represented statistically, leading to an expected value that
closely aligns with this average. However, it is important to
consider that real-world surfaces deviate from uniform profiles
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in the 700 MHz band (f; = 730 MHz, f, = 746 MHz, fprmz = 714 MHz).
The measurement data are well aligned with the simulations within £4.8 dB
deviation limits. The blue dashed line represents the residual PIM3 of the test
setup at 43 dBm carrier power.

and may also exhibit waviness, which was not accounted in
the current model. It is noteworthy that the presented model
assumes a constant oxide thickness, neglecting its potential
variations that can contribute to the measurement variations.

VI. CONCLUSION

A detailed study of PIM in contact joints of conductors with
rough surfaces has been presented. An advanced nonlinear
model of contact junction is proposed based on the analysis
of the charge tunneling in MIM contacts with a fractal
profile of contact surfaces. The presented model enables an
accurate analysis of PIM generation in the MIM structures
with a sub-nanometer insulating layers. The model has been
validated experimentally and by a comparison with the WKB
numerical analysis and the Simmons model. The simulated
conductor joints are measured using a test fixture based on
the slotted coaxial waveguide. The effect of contact pressure
on both the contact resistance and PIM products is evaluated
in the frequency band of 700 MHz. The model parameters
deduced from the PIM3 measurements enable prediction of
the PIMS products without the need of adjusting the model
parameters. The presented model provides insight into the
mechanisms of PIM generation at the contact junctions and
facilitates the design of the low-PIM RF front ends of the
communication systems.
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