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ABSTRACT

RF resistors able to operate above 8 GHz while handing
>100 W are critical for successful operation of phased array
radar and 5G wireless infrastructure. This requires a substrate
material that maximizes heat removal whilst keeping parasitic
reactance to a minimum. In this work it is demonstrated that
this cannot be achieved with traditional substrates (AIN and
BeO), but would be achievable by using CVD diamond. This
will be illustrated primarily through the evaluation of resistor
parameter “capacitance per watt.”

INTRODUCTION

With the designation of the operating spectrum for 5G at
above 6 GHz [1,2], and high-performance phased arrays radars
operating in the X and Ku bands [3], there is significant drive
for passive components able to handle high power density at
higher frequencies.

To date beryllium oxide (BeO) and aluminium nitride
(AIN) have been the preferred substrates for high power RF
resistors. These ceramic materials have relatively high thermal
conductivity and enable resistors to handle tens to hundreds of
watts when operating at L and S bands (1-4 GHz). However,
when operating from X band up to Ku band (8-30 GHz), the
need to reduce resistor parasitic effects through a reduction in
device surface area, leads to a diminished ability to dissipate
only a few watts of power when using BeO or AIN substrates.
This limitation will become a bottleneck against extending high
power applications above S-band.

These trends mean that the frequency performance of even
the simplest element, the resistor, becomes a key parameter to
ensure a flawless behavior of the electronics. It should be noted
that at high frequencies the impedance of a resistor cannot be
defined as an ideal resistance, but its parasitic inductive and
capacitive characteristics start dominating its behavior leading
to signal distortion [4-6]. Additionally, there are many RF
applications where resistors are used in termination and
isolation requiring capability to dissipate large amounts of RF
power.

Typically, RF resistors are made of a thin lossy strip of
metal (TaN or NiCr) deposited on a dielectric substrate. For
high power applications large amounts of heat must be handled
and dissipated while ensuring operation temperatures below
125°C. The conflicting demands of minimizing the parasitic
impedance of the resistors, through reducing resistor size and
using low permittivity substrates [4], typically work against the
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requirement to maintain low operating temperatures with
increasing power density.

In this work it will be shown that using CVD diamond
substrates provides an optimum solution that enables RF
resistors to operate above 8 GHz while handing over 100 W of
power.

SUBSTRATES FOR GHz RESISTIVES

Table 1 summarizes the values of the key parameters
affecting performance for the different high thermal
conductivity substrates used in RF resistors. It is evident that
AIN, with the highest permittivity and the lowest thermal
conductivity will perform worse than BeO, with diamond
excelling having the best combination of low permittivity and
high thermal conductivity.

TABLE 1: Properties of typical materials used as dielectric
substrates for RF resistives (@300k)

K
& tan & (W/mK) o (ppm/K)
8.88 3.5x103
AIN 188° 3.5512
(8.5GHz) | (8.5GHz)®
6.75% 4x10* 260-
BeO 6.48"2
| (8.65GHz) | (8.7GHZ)* | 3001
. 5x107
Diamond 5.727 >2000!! 1.791
(>1GHz)’

Diamond’s permittivity is ~15-35% lower than those of BeO
and AIN respectively and is stable to changes in frequency and
temperature, varying by only 5% from low frequencies up to
tens of GHz, and only shifting by 730 ppm/°C from room
temperature up to few hundreds of °C (Figure 1-a) [7].

Stability of thermal conductivity as a function of
temperature is also an important factor for successful operation
of resistives at elevated frequencies. At 125°C the thermal
conductivity for AIN and BeO are reduced by 30-40% from
room temperature values (Figure 1-b). For the same span of
temperature change the thermal conductivity of CVD diamond
is changed by 10-15%.

Stability of RF and thermal properties enables a resistor
made from purest single crystal diamond to potentially
outperform AIN and BeO by factors of 10-15, as demonstrated
through the ability of diamond to continue to dissipate higher
level of the reflected power with increasing temperature.
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Figure 1-b shows the thermal conductivity of two
polycrystalline diamond grades [14] with bulk thermal
conductivity of 1000 W/mK and 1800 W/mK, demonstrating
significant improvement and stability over the thermal
conductivities of AIN and BeO. In combination with its lower
permittivity (Figure 1-a), CVD diamond resistives enable a 4-
8x improvement in performance over that of resistives built on
AIN and BeO substrates.
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Figure 1: a) Real part of the diamond permittivity vs frequency
[7]. Note that at high frequency (>10® Hz) it is almost
independent of frequency. Inset, change of diamond
permittivity vs temperature [7]. b) Thermal conductivity of the
different materials used as a dielectric substrate in high power
resistors [9-11,13,14].

FIGURE OF MERIT (CAPACITANCE/WATT)

To show the impact of the parasitic capacitance and
inductance at GHz frequencies on the resistor’s performance a
standard lumped model of a thin resistor [4,6] is used (inset,
Figure 2 a)). This includes the parasitic inductance of the
resistor metallic film and contacts, and the parasitic capacitance
of the structure. The series parasitic inductance arises from the
metal thin film and contact pads, and varies with the mounting
conditions of the resistor [4]. For single-sided mounted
resistors exceeding 0.2 mm, the inductance approaches a
constant value of 0.1 nH [5]. The parasitic capacitance arises
from the self-capacitance of the resistor [15], and, to a greater
extent, from the parallel capacitance between the resistor film
and contacts to the ground plane [5]. Typically the deviation
from an ideal resistor is given by the voltage standing wave
ratio (VSWR) which for a resistor is calculated as:

VSWR=max (Z0, Z(v))/ min(Z0, Z(v))
with Z0 the ideal resistance and Z(v) the impedance calculated
from the resistor equivalent circuit.
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The frequency at which the VSWR of the resistor reaches
1.25 (-19 dB), a common metric for the quality of a resistor, is
shown in Figure 2-a), as a function of the parasitic capacitance.
This figure clearly shows how the parasitic capacitance affects
the behavior of the resistor. As an example, for a 50 Q resistor
operating at X-band, a parasitic capacity lower than 0.4 pF is
needed to achieve a VSWR equal or lower than 1.25. If the
frequency is increased to K-band, the capacitance needs to be
half this value. As expected, increasing the resistance requires
even lower capacitance values [4]. To calculate the capacitance
of a single-sided mounted resistor in a given dielectric it was
assumed that the thin film resistor is a very lossy transmission
line [5]. For simplicity it is assumed that contacts and resistor
area have similar width (W), and that contact length (Wc, see
inset Figure 2-b) is fixed at 0.2 mm. The aspect ratio W/L of
the resistor is also fixed to 0.5 for simplicity without loss of
generality.

100 £ T T
™ 50Q =---100Q
“\ Ka-Ban}g-Band
3 JKu- J

Frequency for 1.25 VSWR (GHz)

"0.01 0.1 1 10
Resistor capacitance (pF)

10 | = = = “AIN (1Tmm thick)

— - =BeO (1mm thick)
Diamond (1mm thick)
Diamond (0.3mm thick)

01|

Resistor area (mm?)

0.01 L
0.1 1

Resistor capacitance (pF)
Figure 2: a). Frequency at which the VSWR of the resistor
reaches 1.25 as a function of the parasitic capacitance for a 50
Q and 100 Q resistor and 0.1 nH. Inset: equivalent lumped
circuit of a resistor. b) Calculated capacitances of a single-sided
mounted resistor vs resistor area (0.5 aspect ratio) for different
substrates. Inset: geometry of a resistor.

With these simplifications calculating the capacitance of
the geometry is straightforward from the optimized design
equations derived for calculating capacitances in micro-strips
(described with more detail in ref. [16]). It should be noted that
the impact of any top layer on the resistor are too small to be
included in calculated results for the overall structure [16].
Finally, the total capacitances obtained for single-sided
mounted resistors on different substrates as a function of
resistor area, not counting the contacts in the area, but including
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its contribution to the total capacitance, are plotted in Figure 2-
b. Trivially, the low permittivity of diamond yields the smaller
capacitance per mm? when the thickness of the substrate is a
constant for all the materials. This enables the use of thinner
diamond substrates to maximize the cost/performance metric
for the diamond solution. Following this, the capacitance of a
resistor with a diamond substrate of 0.3 mm instead of 1 mm is
also shown in Figure 2-b. Hence the capacitance per mm?
shown in Figure 2-b, together with the curves shown in Figure
2-a, constitute a set of design rules providing the maximum area
of a resistor ensuring operation at a given frequency keeping the
VSWR below 1.25. On the other hand this capacitance per mm?
determines the maximum power that can be dissipated in the
resistor without exceeding a given temperature, typically
125°C.

In order to evaluate the maximum power that can be
handled by each substrate a finite elements model was used for
the single-sided mounted resistor and in accordance to the
following design rules. It was assumed that the resistor was
mounted in the center of a 50x20x3 mm? copper heatsink (400
W/mK) and attached by a standard 25 pm AuSn solder layer
(57 W/mK). The dielectric substrate was set to 6x5x1 mm? for
AIN and BeO with 3.5x3.5x0.3 mm? substrate size chosen for
diamond, roughly an order of magnitude less material than that
of BeO and AIN. The thermal conductivity of the different
substrates was extracted from Figure 1-b. Finally, a 100 nm
layer of TiN (7.6 W/mK) with a variable size (0.5 aspect ratio)
option was added on top of the dielectric. It was assumed that
the power density was uniformly dissipated in this layer.
Natural convection (h=4.84 W/m?) was set as a boundary
condition for all the free boundaries but for the heatsink
backplane which assumed to be at a fixed temperature (25°C).
For simplicity and without loss of generality the size of the
dielectric (which acts as a heat spreader) remained constant
when reducing the size of the resistor (Figure 3, top sketch).

The results of this benchmark between substrates are
summarized in Figure 3-a. In this figure the maximum power
dissipated in the resistor per capacitance producing a
differential temperature (AT ) of 100°C is shown, depicting the
power per capacitance of the different substrates. Note that to
dissipate 100 W with a max AT of 100°C, the resistor on AIN
needs to be much larger than the one using diamond, and thus
according to Figure 2-b, its capacitance would also be larger,
which ultimately, and from Figure 2-a, translate to a much
operational lower frequency to maintain a <1.25 VSWR than an
equivalent resistor on diamond (red dash line in Figure 3-a).
These results are directly correlated with operational
frequencies in Figure 3-b, from where it follows that for a 50 Q
resistor able to dissipate 100 W (100°C max AT) on AIN or BeO
the frequency cut-off is limited to S-band (<5 GHz). In
contrast, the use of diamond means that the operational
frequency for a similar resistor exceeds 10 GHz for all the
analyzed diamond grades with the theoretical limit reached at
the K-band. It is worth noting that these theoretical results are
in very good agreement with measurements on real resistors
reported elsewhere [17].

CS MANTECH Conference, May 9 -12, 2022

125
- H
LAl
B
-4+ SC enriched Diamond " °
- @ E6TM180 TR
2001 _o— E6 TM100 E Rt
-v- BeO e
g A AIN . o .
< 150 |- / i
5 a) ES ,® v
3 R 3 . ’
o . s ’
a . 4 K A
1M === == — = = D F- - -
R ,.f",. -
R S R
50 - AR v g
e o= Lo
—————— X r 125°C max Temperature

1
ReS|stor Capacitance (pF)

z7
100W Resistor max Freque < | 125°C,1.25 VSWR BeO
v
(IS A8.V0NY e SC enriched Diamond &
= b) g G ESTM180 o
» N - o E6TM 100 &
) so0 [ g =
=t .
g" . 1000 NN 5 .
c
3
3 53 ° Ay
o H c)
2 o 'y
& s a2
2 85 ) v
| E vy v v
=

01
Resistor Capacitance (pF)
.o\' @6 Q«h

Figure 3: Top: sketch of the finite element simulation domain.
a) Power per capacitance of the resistors with different
substrates at a maximum peak temperature of 125°C. Note that
diamond substrate is 0.3 mm (1 mm for AIN and BeO), the red
dash line sets the 100 W limit. b) Maximum frequencies for a
50 Q and 100 Q resistor dissipating 100 W to operate below
1.25 VSWR. C), power per capacitance normalized to the
resistor on AIN.

Finally, the power per capacitance normalized to the
resistor on AIN is shown on figure Figure 3-c. For high
frequency operation, in which small resistors are needed, CVD
diamond offers up to ~4-5x more power dissipation than AIN
and BeO due to its superb thermal conductivity. However,
when the dimensions of the resistor are much bigger than the
dielectric thickness, this advantage is reduced since the thermal
management is dominated by the AuSn soldering layer and the
copper heatsink.

Table 2 provides a comparison of the three resistive
substrate options at 1 mm thickness for AIN and BeO and 0.38-
mm for CVD diamond. CVD diamond with its lower
permittivity and highest thermal conductivity yields the
smallest capacitance per Watt value of the three substrates.

TABLE 2: Figure of merit. Lower capacitance per watt gives
wider frequency response

Substrate | Resistive | Capacitance/
Thickness Area Watt
(mm) (mm?) (pE/W)
AIN 1 18 0.012
BeO 1 18 0.007
Diamond 0.38 3.25 0.003
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ACRONYMS

k thermal conductivity

& permittivity

tan 0 loss tangent

o coefficient of linear expansion
Zy ideal resistance

Z(v) impedance

CONCLUSIONS

It was demonstrated that by switching the substrate of high
power RF resistors from AIN and BeO to CVD diamond it is
possible to extend their operative frequency range well above
X-band whilst handling powers above 100 W. This could offer
a step change improvement towards minimizing distortion and
complexity of high power electronics in 5G communications
and military millimeter-wave devices operating in X-band and
above.
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