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1. Abstract

Near-ideal inductors are components difficult to implement in practical microwave circuits.
One possibility which is often used in MMICs is the spiral planar inductor. This type of
component is convenient since it can be efficiently integrated and is quite repeatable. In the
case of the MIC type circuits the situation is different, since the size requirements are often
too demanding for the standard micostrip etching techniques in soft substrates, making
impractical its use. However there are some commercially available spiral chip inductors
offered by some manufactures which can be easily used in MICs if connected to the circuit
using standard bonding wires. The frequency range in which these inductors can be used
depends on many factors, but seldom reaches over 20 GHz, even for the lower inductance and
smaller size values. This report presents simple equivalent circuits for some of these inductors
obtained by fitting to the S parameters measured with a coplanar probe station. These simple
models can be used to represent the components in CAD programs, including their parasitic
effects in a limited frequency range. The inductors analyzed were manufactured by Piconics
and ATP.

2. Introduction

This report analyzes some types of commercial spiral inductors which can be used in
microwave circuits. They were initially considered as an option for the bias circuits of
cryogenic wideband amplifiers. In principle spiral inductors could be adequate for covering
the inductance range not easily attainable with simple bonding wires (>1 nH). They are far
from ideal components and can show multiple self resonances which severely limit the
frequency range for which they can be used. The simple equivalent circuit used in this report
(figure 1) can only represent the first resonance and should be used with extreme caution at
high frequency. However this is generally acceptable, since the spiral inductors are, in
general, not useful beyond their self resonance. These components are available in different
sizes (height) and with different substrates (alumina, quartz). For our work the height of
10 mils was the most convenient, since it matches that of other passive components in the
circuit. It was found that inductors on quartz substrates were more ideal and showed higher
resonant frequencies. The parasitics depend on the size, layout and dielectric material used.
The results obtained with eight different types are presented in this document. The values of
the equivalent circuit components were obtained by comparison with the experimental
measurements of the S parameters in a configuration that mimics the typical assembly method
used in the amplifiers. The chip inductors were mounted on a copper plate and connected with
short bonding wires to coplanar to microstrip transitions (figure 2) on both sides. The
measurements were carried out in the 0.250-110 GHz frequency range at ambient temperature
using a coplanar probe station.

3. Equipment

— Probe station mod. MPS 150 (Cascade Microtech)

— Coplanar probes mod. ACP 110-A-GSG-125 (Cascade Microtech)

— Vector network analyzer mod. PNA-X 5247 (Keysight)

— Millimeter wave controller mod. N5261A (Keysight)

— Millimeter wave heads mod. N5250CX10 (Keysight)

— Transitions from coplanar to microstrip mod. ProbePoint 0503 (Jmicro)

— Coplanar calibration substrate (ISS) mod. 104-783A (Cascade Microtech)
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4. Calibration

The chip inductor measurements were obtained using a standard LRRM calibration performed
with the Cascade Microtech ISS calibration substrate (Impedance Standard Substrate, figure
3) using WinCal software. With the standards used this calibration performs reasonably well
in all the 250 MHz-110 GHz range sampled. It was verified with an open (probes in air) and
with a long matched coplanar line (~27ps) in the ISS substrate. The ISS was used in
combination with an absorbing ISS holder (SN 116-334) as recommended by Cascade.

The standard LRMM method yields a calibration referenced to the end of the coplanar probes.
As the objective was to measure the inductors, the reference plane had to be shifted to the end
of the coplanar-microstrip transitions. This was performed with a built-in feature of the PNA-
X which allows de-embedding circuits characterized by their S-parameter files. Appendix I
contain some information of the models used to generate the S-parameter files of the
transitions. Additional information can be found in a previous Technical Reportl.

5. Equivalent circuit results

The measurements were performed in the complete 250 MHz-110 GHz frequency range
accessible to the measurement equipment. However, a good fit with a simple equivalent
circuit could only be obtained in a much smaller range. The circuit used is presented in
figure 1 and the values of the components for the different inductors are shown in table I. The
fit is valid only for frequencies below the limit shown the table (different for each inductor).
More details on the results and a comparison of the models and measurements are presented
in sections 7 to 14.

In the case of the Piconics components, we also checked the possibility of using the ADS
internal spiral inductor model and a 2.5D EM simulation with ADS Momentum. It was found
that neither of the two obtained a perfect fit and additional components had to be included to
improve the results. In general, these more complex models can predict the existence of more
than one resonance, but the results do not coincide exactly with the measurements (see
sections 7 to 11).

P VY
C ’
L L
L1 L3 L2

L=Lbond nH L=LsernH L=Lbond nH
R= R=Rser Ohm R=

Term Term
Term1 Term2
Num=1 Num=2
Z=50 Ohm Z=50 Ohm

Figure 1: Equivalent circuit used for the inductors, including external bonding wires.

'ID. Gallego, C. Diez Gonzalez, 1. Lopez, 1. Malo, “Effect of Source Bonding Wires in HEMT devices”, CDT
Technical Report 2016-18. http://icts-yebes.oan.es/reports/doc/IT-CDT-2016-18.pdf
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TABLE I

Parameters of the equivalent circuit of the spiral inductors measured

Equivalent Circuit Elements

Manufacturer Data Sheet Material Size | Height | Num. | Lbond | Cgnd | Lser | Rser | Cpar | Fmax P/N
Value (nH) (mil) | (mil) | of turns | (nH) (pF) | (nH) | (Ohm) | (pF) | (GHz)
PICONICS 6.9 Alumina | 20x20 15 4.5 0.38 | 0.045 | 6.1 3.0 |0.024| 20 SP4P5-20-ACW
PICONICS 12 Alumina | 20x20 10 6.5 0.30 |0.055|10.8| 3.1 |0.013| 12 SP6P5-20-ABW
PICONICS 2.1 Quartz | 20x20 10 2.0 0.17 [0.125| 2.3 0.2 |0.000| 20 SP2P0-20-QBW
PICONICS 6.9 Quartz | 20x20 10 4.5 0.19 | 0.117| 6.3 4.3 0.010 20 SP4P5-20-QBW
PICONICS 12 Quartz | 20x20 10 6.5 0.22 | 0.117 | 9.6 5.0 |0.009| 20 SP6P5-20-QBW
PICONICS 2.1 Quartz | 20x20 15 2.0 0.34 | 0.019 | 1.74 0.3 0.010 35 SP2P5-20-QCW
PICONICS 6.9 Quartz | 20x20 15 4.5 0.36 | 0.023 | 6.2 4.1 0.012 20 SP4P5-20-QCW
PICONICS 12.0 Quartz | 20x20 15 6.5 0.26 | 0.030|10.5| 50 |0.012| 20 SP6P5-20-QCW
ATP 2.2 Quartz | 22x22 10 2.5 0.19 [0.021| 1.4 0.6 |0.007| 40 ATP-1-010-Q-022
ATP 35 Quartz | 22x22 10 3.0 0.20 [0.025| 2.5 0.3 |0.007| 30 ATP-1-010-Q-350
ATP 3.9 Quartz | 22x22 10 35 0.18 | 0.027 | 2.6 1.0 |0.008| 25 ATP-1-010-Q-390
ATP 7.3 Quartz | 25x25 10 4.0 0.19 | 0.037 | 5.0 1.4 |0.009| 20 ATP-1-010-Q-730
ATP 12 Quartz | 30x30 10 4.5 0.20 | 0.048 | 7.8 1.8 0.008 15 ATP-1-010-Q-120
ATP 28 Quartz | 32x32 10 7.5 0.25 | 0.063|170| 2.6 |0.003| 10 ATP-1-010-Q-282
ATP 87.7 Quartz | 46x46 10 10.5 0.25 [ 0.101 |47.0 6.0 0.055 2 ATP-1-010-Q-877
us uw 2.0 Quartz | 27x27 20 2.0 0.13 | 0.021|1.73| 0.8 |0.000| 35 LX2500Q20-L02-02
us uw 4.0 Quartz | 27x27 20 3.0 0.30 | 0.016|194| 03 |0.006| 30 LX2500Q20-L03-04
us uw 7.0 Quartz | 27x27 20 3.6 0.48 | 0.018 248 | 0.6 |0.010| 30 |LX2500Q20-L03.6-07
us uw 14.0 Quartz | 27x27 20 5.0 0.50 | 0.024 | 5.59 5 0.012 | 20 LX2500Q20-L05-14
Rev.C IT-CDT 2020-17 Page 6 of 99
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Figure 3: Calibration substrate used for LRRM calibration on the coplanar reference plane
in the 0.250-110 GHz frequency range.
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6. Photos

Piconics 6.9 nH 4.5 T 20x20x15 mil alumina Piconics 12 nH 6.5 T 20x20x10 mil alumina

Piconics 2.1 nH 2.0 T 20x20x10 mil quartz Piconics 6.9 nH 4.5 turns 20x20x10 mil quartz

Piconics 12 nH 6.5 T 20x20x10 mil quartz Piconics 2.1 nH 2.0 T 20x20x15 mil quartz

Piconics 6.9 nH 4.5 T 20x20x15 mil quartz Piconics 12 nH 6.5 T 20x20x15 mil quartz
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ATP 12 nH 4.5 T 30x30x10 mil quartz ATP 28 nH 7.5 T 22x22x10 mil quartz

ATP 87.7 nH 10.5 T 46x46x10 mil quartz USuW 2.0nH 2 T 27x27x20 mil quartz
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US uW 4.0 nH 3 T 27x27x20 mil quartz USuW 7.0 nH 3.6 T 27x27x20 mil quartz

USuW 14.0 nH 5 T 27x27x20 mil quartz
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7. Piconics alumina inductor 6.9 nH 4.5 turns 20x20x15
mil chip

PICONICS model SP4P5-20-ACW

Measured with Jmicro transitions (5 mil)

Gaps to substrate: ~0.15 mm

Inductor body: W=0.508 mm; L= 0.508 mm; h=0.381 mm

Bond wire 1: dia: 17 um; horizontal distance: 0.500 mm

Bond wire 2: dia: 17 um; horizontal distance: 0.350 mm; sep: ~0.040 mm
Reference planes at the end of Jmicro substrate
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SIMPLE L-C MODEL

Good up to =20 GHz

Equivalent Circuits of Some Commercial Spiral

Chip Inductors at Microwave Frequencies

Does not predict resonance in S21 at = 24 GHz

¢
c2
C=Cpar pl
Yy - - - S
L = L ol L
L C=Cgnd pF - C=Cgnd pF L2
L=Lbond nH Carid L=Lser nH i L=Lbond nH
Term R= I R=Rser Ohm :[ R= Term
Termt — _— Term2
Nur=1 - - Nun=2
2=50 Ohm 2=50 Ohm
= S2P -
= ] VAR & VAR SNP1 —
LINE VARI File="piconics_4p5t_6p9_15mil_alums2p"
Lbond=0.382264 {t} {0} Cgnd=0.0453809 {t} {o}
=0.0236642 {t
| MSub | | MSub | Cpar A [ ]
Term e Term
VSUB VSUB Termd Termd
ALUM15 DUROID Nume3 Nurr4
H=15 mil H=0.127 nm VAR 7=50 Ohm = Z=50 Ohm
Er=10 Er=2.94 CAP = N
Cond=4.1e7 Cond=4.1e7 Lser=6.10102 {t} {o} = =
T=6um T=0.0255 mm Rser=3.00818 {t} {o}
TanD=0.0001 TanD=0.0012 )
FITTED in 0.25-20 GHz
PLOTTED in 0.25-30 GHz
Inductor:
Lser=6.1 nH

Rser=3.0 Ohm

Input-output capacitor:
Cpar=0.024 pF

Capacitors to GND:
Cgnd=0.045 pF

Bond wires:
Lbond=0.38 nH
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ADS INTERNAL MODEL

Good up to =20 GHz

A capacitor from input to output is needed to model S21 adequately
(Probably due to coupling of input-output bond wires)

c2
C=Cpar pl
PR - Ve N PP - o
L L
L1 L2
L=Lbond nH 'I\_/LS‘ND L=Lbond nH
R= R=
Term Subst="ALUM15" e
Termt Ne 5 {-t) Temme
Nure1 Ri=3.2 mil {4} N2,
Z=50 Ohm W=0.5 il {-t} Z=50 Ohm
= $=0.5 mil {-t} S2P -
= ] VAR E] VAR SNP1 =
LINE VAR1 File="piconics_4p5t_6p9_15mil_alums2p"
Lbond=0.5 {t} {0} Cgnd=0.0343551 {t} {-0}
ar=0.0337496 {t} {o]
| MSub | | MSub | o A I I
@ Term ” Term
MSUB MSUB Termd Termd
ALUM15 DUROID Nurm=3 Nurm=4
H=15 mil H=0.127 nm Z=50 Ohm = Z=50 Ohm
Er=10 Er=2.94 = =
Cond=4.1e7 Cond=4.1e7 —; —
T=6 um T=0.0255 mm - -
TanD=0.0001 TanD=0.0012

Input-output capacitor:
Cpar=0.034 pF

Bond wires:
Lbond=0.50 nH
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FITTED in 0.25-20 GHz
PLOTTED in 0.25-30 GHz
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MOMENTUM MODEL

Good up to =20 GHz
A capacitor from input to output is needed to model S21 adequately
(Probably due to coupling of input-output bond wires)

2

piconics| 6p9_15mil_alupn_mom
piconics|6p9_15mil_alujn_mom 1

ModelTy pe=MW
Qv Ay o vV
L e 7T A L
a7 c I B
L1 2 L2
L=Lbond nH ¥ ¥ i ¥ L=Lbond nH
i M C=Cpar pF Hi
Term Re H M M Re Term
Term1 Term2
Nune1 Nun2
Z=50 Ohm Z=50 Ohm
= s2P -
— VAR VAR SNP1 =
LINE VAR1 File="piconics_4p5t_6p9_15mil_alums2p"
Lbond=0.2857 {t} {0} Cgnd=0.0343551 {t} {-0}
ar=0.0163692 {t} {o|
| MSub | | MSub | N Lt I I
Term - Term
MsUB MSUB Term3 Termd
ALUM15 DUROID Nurme=3 Nunr4
H=15 mil H=0.127 mm Z=50 Ohm — Z=50 Ohm
Er=10 Er=2.94 . -
Cond=4.1e7 Cond=4.1e7 — —
T=6 um T=0.0255 mm - -
TanD=0.0001 TanD=0.0012

FITTED in 0.25-20 GHz
PLOTTED in 0.25-30 GHz

Input-output capacitor:
Cpar=0.016 pF

Bond wires:
Lbond=0.29 nH
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8. Piconics alumina inductor 12 nH 6.5 turns 20x20x10
mil chip

PICONICS model SP6P5-20-ABW

Measured with Jmicro transitions (5 mil)

Gaps to substrate: ~0.15 mm

Inductor body: W=0.508 mm; L= 0.508 mm; h=0.254 mm

Bond wire 1: dia: 17 um; horizontal distance: 0.500 mm

Bond wire 2: dia: 17 um; horizontal distance: 0.350 mm; sep: ~0.040 mm
Reference planes at the end of Jmicro substrate
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SIMPLE L-C MODEL

Good up to =12 GHz

Cc
c2
C=Cpar pl
P v 2 ) e —
o e Lo} -y
L1 - L3 4 P
L=Lbond nH SO pE L=Lser nH Rl L=Lbond nH
Term Re R=Rser Ohm = Term
Term1 - - Term2
Nurm=1 = = Nume2
Z=50 Ohm Z=50 Ohm
= S2P K
= VAR VAR SNP1 =
LINE VAR1 File="piconics_6p5t _12p_10 mil_alums2p"
Lbond=0.3 {t} {-0} Cgnd=0.0557212 {t} {0}
Liine=0.645 {-t} {-0} Cpar=0.0128085 {t} {0}
| MSub | | MSub | Wine=0.28 {-t} {-o}
MSUB MSUB =
ALUM10 DUROID
H=10 mil H=0.127 mm % VAR
Er=10 Er=2.94 CAP
Cond=4.1e7 Cond=4.1e7 Lser=10.7923 {t} {0}
T=6 um T=0.0255 mm Rser=3.09099 {t} {o}
TanD=0.0001 TanD=0.0012 X
FITTED in 0.25-12 GHz
PLOTTED in 0.25-30 GHz
Inductor:

Lser=10.8 nH
Rser=3.1 Ohm

Input-output capacitor:
Cpar=0.013 pF

Capacitors to GND:
Cgnd=0.055 pF

Bond wires:
Lbond=0.30 nH
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ADS INTERNAL MODEL

Good up to =16 GHz

A capacitor from input to output is needed to model S21 adequately
(Probably due to coupling of input-output bond wires)

I VYN
L
L2
MSIND L=Lbond nH
L4 -
Subst="ALUV10" Term
N=6.5 {-t} Tern2
Ri=2.5 mil {-} Num=2
W=0.45 il {-t} _| |Z=500hm
$=0.45 mil {-t} S2P
— VAR @ VAR SNP1 =
LINE VAR1 File="piconics_6p5t _12p_10 mil_alums2p"
Lbond=0.3 {t} {-0} Cpar=0.036 {t} {0}
| MSub | | MSub | | |
f-h Term I - I therm
MSUB MSUB Termd Terii
ALUM10 DUROID Num=3 I Nurme4
F=10 mi F=0421 'mm ] z=50 0hm = 2=50 Ohm
Er=10 Er=2.94 - =
Cond=4.1e7 Cond=4.1e7 — -
T=6 um T=0.0255 mm = =
TanD=0.0001 TanD=0.0012

FITTED in 0.25-16 GHz
PLOTTED in 0.25-30 GHz

Input-output capacitor:
Cpar=0.036 pF

Bond wires:
Lbond=0.30 nH
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Observatorio de Yebes
Apartado 148, 19080 Guadalajara, SPAIN

MOMENTUM MODEL

Good up to =20 GHz

Equivalent Circuits of Some Commercial Spiral

Chip Inductors at Microwave Frequencies

A capacitor from input to output is needed to model S21 adequately

(Probably due to coupling of input-output bond wires)

piconics_12_10mil_alum jnom

piconics_128_10mil_alum jmom 1
ModelTy pe=|
e el Ay | 9V
71
L c L
L1 2 L2
L=Lbond nH L=Lbond nH
C=Cpar pF
Term R= R= Term
Terml Term2
Nurm=1 Num=2
Z=50 Ohm Z=50 Ohm
P s2P o
= VAR VAR SNP1 e
LINE File="piconics_6p5t _12p_10 mil_alums2p"
Lbond=0.248812 {t} {0} Cpar=0.0134451 {t} {0}
| MSub | | MSub | ]
Term e Term
MSUB MSUB Termd Termd
ALUM10 DUROID Num=3 Nurme4
H=10 mil H=0.127 mm Z=50 Ohm = Z=50 Ohm
Er=10 Er=2.94 = =
Cond=4.1e7 Cond=4.1e7 —— —
T=6 um T=0.0255 mm - -
TanD=0.0001 TanD=0.0012

FITTED in 0.25-20 GHz
PLOTTED in 0.25-30 GHz

Input-output capacitor:
Cpar=0.013 pF

Bond wires:
Lbond=0.25 nH

Rev.C IT-CDT 2020-17
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9. Piconics quartz inductor 6.9 nH 4.5 turns 20x20x10 mil
chip

PICONICS model SP4P5-20-QBW

Measured with Jmicro transitions (5 mil)

Gaps to substrate: ~0.13 mm

Inductor body: W=0.508 mm; L= 0.508 mm; h=0.254 mm

Bond wire 1: dia: 17 um; horizontal distance: 0.440 mm;
sep: ~40-60 um; height over chip: ~60 um

Bond wire 2: dia: 17 um; horizontal distance: 0.300 mm;
sep: ~35 um; height over chip: ~20 um

Reference planes at the end of Jmicro substrate
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Observatorio de Yebes
Apartado 148, 19080 Guadalajara, SPAIN

SIMPLE L-C MODEL

Good up to =30 GHz
Relatively good prediction

Equivalent Circuits of Some Commercial Spiral
Chip Inductors at Microwave Frequencies

o3
c2
C=Cpar pF|
T VN - v\ —~ STV
L G o L.
L1 ¥ L3 Y L2
L=Lbond nH ECandef L=Lser nH C=Cond pF° L=Lbond nH
Term R= R=Rser Ohm R= Term
Termt L - Term2
Num=1 - - Nunm=2
Z=50 Ohm Z=50 Ohm
= s2P i
= VAR VAR SNP1 =
LINE VAR1 File="piconics_4p5t _6p9_10 mil_quartz.s2p"
Lbond=0.185754 {t} {0} Cgnd=0.116909 {t} {0}
Liine=0.645 {-t} {-0} Cpar=0.00976014 {t} {0} —
MU Wine=028 ¢4 o}
[ Eén ] Term " Term
MSUB MsuB Termd Termd
ALUM1S QUARTZ10 Nume=3 Nun4
H=15 mil H=10 mil var] VAR Z=50 Ohm = Z=50 Ohm
Er=10 Er=3.8 CAP - =
Cond=4.1e7 Cond=4.1e7 Lser=6.3136 {t} {0} — —
T=6 um T=6 um Rser=4.31598 {t} {0} - -
TanD=0.0001  TanD=0.0001 .
FITTED in 0.25-20 GHz
PLOTTED in 0.25-30 GHz
Inductor:
Lser=6.3 nH

Rser=4.3 Ohm

Input-output capacitor:
Cpar=0.010 pF

Capacitors to GND:
Cgnd=0.117 pF

Bond wires:
Lbond=0.19 nH

Rev.C IT-CDT 2020-17
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ADS INTERNAL MODEL

Good up to =20 GHz
Capacitosr from input to output and to GND are needed to model S parameters adequately

g
c2
C=Cpar pF|
- 15 i -
U l . U o 2
= F = F
L=Lbond nH Crcandp MSIND C=cnd p L=Lbond nH
Term R= e Re T
Subst="QUARTZ10" > ] ..o
Termi L N=4.5 {-t} s Term2
Nur=1 - Ri=3.2 mil {-} - Num=2
=50 Ohm W=0.5 mil {4} 7=50 Ohm
- $=0.5 mil {-t} S2P o
= VAR VAR SNP1 =
LINE VAR1 File="piconics_4p5t _6p9_10 mil_quartz.s2p"
Lbond=0.246988 {t} {0} Cgnd=0.0924104 {t} {o}
Liine=0.645 {-t} {-0} Cpar=0.0147923 {t} {o}
Wine=0.28 {-t} {-0}
MSUB MSUB
ALUM1I5 QUARTZ10
H=15 mil H=10 mil ]
Er=10 Er=3.8
Cond=4.1€7  Cond=4.1e7
T=6 um T=6 um

TanD=0.0001 TanD=0.0001

FITTED in 0.25-20 GHz
PLOTTED in 0.25-30 GHz

Input-output capacitor:
Cpar=0.015 pF

Capacitors to GND:
Cgnd=0.092 pF

Bond wires:
Lbond=0.25 nH
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MOMENTUM MODEL

Good up to =20 GHz
Capacitors from input to output is needed to model S21 adequately
(Probably due to coupling of input-output bond wires)

piconics_Gp9_10mil_quaftz_mom
piconics_6p9_10mil_quaftz_mom 1

ModelTy pe=MW
B - Vo Ve N YV
T 7T ) C
i cs c ca B
L=Lbond nH C=Cgnd pF ngar oF C=Cgnd pF L=Lbond nH
Term Re = Term
Termi L e Term2
Nune1 = - Nunm=2
Z=50 Ohm Z=50 Ohm
- S2P E
— VAR VAR SNP1 =
LINE VAR1 File="piconics_4p5t _6p9_10 mil_quartz.s2p"
Lbond=0.167335 {t} {0} Cgnd=0.0964237 {t} {o}
Line=0.645 {-t} {-0} Cpar=0.00739611 {t} {0} —
bl LA
m Term Term
MSUB MSUB Termd Termd
ALUM15 QUARTZ10 Nune=3 Nune=4
H=15 mil H=10 mil [ Z=500hm = Z=50 Ohm
E=10 =338 = =
Cond=4.1€7  Cond=4.1e7 — =
T=6 um T=6 um - -

TanD=0.0001 TanD=0.0001

FITTED in 0.25-20 GHz
PLOTTED in 0.25-30 GHz

Input-output capacitor:
Cpar=0.007 pF

Capacitors to GND:
Cgnd=0.096 pF

Bond wires:
Lbond=0.17 nH
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10. Piconics quartz inductor 12 nH 6.5 turns 20x20x10 mil
chip

PICONICS model SP6P5-20-QBW

Measured with Jmicro transitions (5 mil)

Gaps to substrate: ~0.12 mm

Inductor body: W=0.508 mm; L= 0.508 mm; h=0.254 mm

Bond wire 1: dia: 17 um; horizontal distance: 0.450 mm;
sep: ~40-60 um; height over chip: ~70 um

Bond wire 2: dia: 17 um; horizontal distance: 0.280 mm;
s