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Principle of operation

Material under test (MUT): 

Dielectric constant at 𝝎𝝎𝒐𝒐:

𝜀𝜀𝑟𝑟 = 𝜀𝜀′ + 𝑗𝑗𝜀𝜀′′ = 𝜀𝜀′ 1 + tan 𝛿𝛿

MUT 
(𝜺𝜺𝒓𝒓)

𝜔𝜔𝑜𝑜
Analysis frequency

Parameters to be detected
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Principle of operation

Resonator: linear circuit

MUT 
(𝜺𝜺𝒓𝒓)

𝜔𝜔𝜔𝜔𝑜𝑜(𝜺𝜺𝒓𝒓)

𝑌𝑌𝐿𝐿(𝜔𝜔, 𝜺𝜺𝒓𝒓)

𝑌𝑌𝐿𝐿
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Principle of operation

1
Active

(nonlinear)

Resonator
(linear)

Injection locked oscillator (ILO) sensor:

MUT 
(𝜺𝜺𝒓𝒓)

𝐺𝐺,𝜔𝜔

𝑣𝑣 𝑡𝑡 = �
𝑘𝑘

𝑉𝑉𝑘𝑘 𝑡𝑡 𝑒𝑒𝑗𝑗 𝑘𝑘𝑘𝑘𝑘𝑘+𝜙𝜙𝑘𝑘(𝑡𝑡)

𝑉𝑉 = 𝑉𝑉1(𝑡𝑡, 𝜺𝜺𝒓𝒓) Observation variable

𝑣𝑣
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Principle of operation

Injection locked oscillator (ILO) sensor: 𝑉𝑉(𝜔𝜔, 𝜺𝜺𝒓𝒓)

𝜔𝜔𝜔𝜔𝐿𝐿(𝜺𝜺𝒓𝒓)

QP QP

Periodic

𝜔𝜔𝑈𝑈(𝜺𝜺𝒓𝒓)

𝑉𝑉 = 𝑉𝑉(𝑡𝑡) 𝑉𝑉 = 𝑉𝑉(𝑡𝑡)

𝑉𝑉 = 𝑉𝑉(𝜙𝜙)

1
Active

(nonlinear)

Resonator
(linear)

MUT 
(𝜺𝜺𝒓𝒓)

𝐺𝐺,𝜔𝜔
𝑉𝑉,𝜙𝜙
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Principle of operation

Estimation:

𝜔𝜔𝐿𝐿 ,𝜔𝜔𝑈𝑈 known

𝜀𝜀𝜀, 𝜀𝜀𝜀𝜀 determined

?

𝑉𝑉(𝜔𝜔, 𝜺𝜺𝒓𝒓)

𝜔𝜔𝜔𝜔𝐿𝐿(𝜺𝜺𝒓𝒓)

QP QP

Periodic

𝜔𝜔𝑈𝑈(𝜺𝜺𝒓𝒓)

𝑉𝑉 = 𝑉𝑉(𝑡𝑡) 𝑉𝑉 = 𝑉𝑉(𝑡𝑡)

𝑉𝑉 = 𝑉𝑉(𝜙𝜙)
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Principle of operation

System equations:

𝑌𝑌

1
Active

(nonlinear)

Resonator
(linear)

MUT 
(𝜺𝜺𝒓𝒓)

𝐺𝐺,𝜔𝜔

𝑌𝑌 𝑉𝑉,𝜔𝜔, 𝜺𝜺𝒓𝒓 = 0

𝑉𝑉,𝜙𝜙

(Inner tier)

HB system

Implicit function theorem
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Principle of operation

System equations:

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 0

𝜔𝜔 𝜙𝜙 − 𝜔𝜔𝑈𝑈 = 0
𝜔𝜔 𝜙𝜙 ± 𝜋𝜋 − 𝜔𝜔𝐿𝐿 = 0

𝑉𝑉(𝜔𝜔, 𝜺𝜺𝒓𝒓)

𝜔𝜔𝜔𝜔𝐿𝐿(𝜺𝜺𝒓𝒓)

Periodic

𝜔𝜔𝑈𝑈(𝜺𝜺𝒓𝒓)

𝑉𝑉 = 𝑉𝑉(𝜙𝜙) 𝜙𝜙 = 𝜙𝜙𝐿𝐿 ± 𝜋𝜋
𝜙𝜙 = 𝜙𝜙𝐿𝐿

Border conditions:
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Principle of operation

System equations:

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 0

𝜔𝜔 𝜙𝜙 − 𝜔𝜔𝑈𝑈 = 0

𝜔𝜔 𝜙𝜙 ± 𝜋𝜋 − 𝜔𝜔𝐿𝐿 = 0

𝑌𝑌 𝑉𝑉,𝜔𝜔, 𝜺𝜺𝒓𝒓 = 0

𝐹𝐹 𝑢𝑢,𝜔𝜔𝐿𝐿 ,𝜔𝜔𝑈𝑈 = 0

𝑢𝑢 = 𝑉𝑉,𝜔𝜔,𝜙𝜙, 𝜀𝜀′, 𝜀𝜀𝜀𝜀

𝜀𝜀′, 𝜀𝜀𝜀𝜀 = 𝑓𝑓 𝜔𝜔𝐿𝐿,𝜔𝜔𝑈𝑈 ⇔ det
𝜕𝜕𝜕𝜕 𝑢𝑢,𝜔𝜔𝐿𝐿,𝜔𝜔𝑈𝑈

𝜕𝜕𝜕𝜕
≠ 0
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Calibration of the Sensing function: 𝜀𝜀′, tan 𝛿𝛿 = 𝑓𝑓 𝜔𝜔𝐿𝐿 ,𝜔𝜔𝑈𝑈

1) Detection of 𝜔𝜔𝐿𝐿,𝜔𝜔𝑈𝑈 = 𝑔𝑔 𝜀𝜀′, tan 𝛿𝛿

2) Obtain 𝑓𝑓 = 𝑔𝑔−1

tan 𝛿𝛿

𝜀𝜀𝜀 𝜔𝜔𝐿𝐿,𝜔𝜔𝑈𝑈

𝑔𝑔

Region of interest

Principle of operation
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Simulation

Injection 
Node

DC Block

DC Block
50 Ω

Vout

DC FeedDC Feed

BFP420

DC Feed

48 Ω

Sensing 
Area

50 Ω

1.2 kΩ 680 Ω
VDC

0.5 pF

6.8 nH

0.5 pF4.7 pF
7 mm

6 mm

G,ω0

Injection-locked oscillator based on the NPN bipolar transistor BFP420

𝜀𝜀′ = 1 + 𝑥𝑥
tan 𝛿𝛿 = 0.002 + 0.001𝑥𝑥

Region of interest:
tan 𝛿𝛿

𝜀𝜀𝜀

𝐺𝐺,𝜔𝜔
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Simulation

𝜔𝜔𝑐𝑐(𝑡𝑡)

𝑡𝑡

Periodic

𝑉𝑉(𝜔𝜔,𝒙𝒙)

𝜔𝜔𝜔𝜔𝐿𝐿(𝒙𝒙)

Periodic

𝜔𝜔𝑈𝑈(𝒙𝒙)

QP QP

𝜔𝜔𝐿𝐿(𝒙𝒙)

𝜔𝜔𝑈𝑈(𝒙𝒙)

Injection source: chirp signal
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Simulation

𝑌𝑌𝑉𝑉 𝑉𝑉 − 𝑉𝑉𝑜𝑜 + 𝑌𝑌𝜔𝜔 𝜔𝜔𝑐𝑐 − 𝜔𝜔𝑜𝑜 + 𝜙̇𝜙 − 𝑗𝑗
𝑉̇𝑉
𝑉𝑉

+ 𝐺𝐺𝑌𝑌𝑔𝑔 𝜙𝜙 = 0

Injection source: chirp signal

𝑌𝑌 𝑉𝑉,𝜔𝜔,𝒙𝒙 = 0Inner tier:

0.09 0.11 0.13 0.15
2.08

2.084

2.088

2.092

2.096

Time   (ms)

Am
pl

itu
de

   
 (V

)

𝑥𝑥 = 1
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Simulation

Detection of 𝜔𝜔𝐿𝐿 and 𝜔𝜔𝑈𝑈

𝐺𝐺,𝜔𝜔

ILO 𝑠𝑠(𝑡𝑡) 𝐷𝐷 𝑡𝑡𝑘𝑘 = �
𝑡𝑡𝑘𝑘−Δ𝑡𝑡

𝑡𝑡𝑘𝑘+Δ𝑡𝑡
𝑠𝑠 𝑡𝑡 𝑑𝑑𝑑𝑑

Averaging:

0 0.05 0.1 0.15 0.2 0.25-0.5

0

0.5

1

1.5

2

2.5

Time   (ms)

D
(t)

𝜔𝜔𝐿𝐿(𝒙𝒙) 𝜔𝜔𝑈𝑈(𝒙𝒙)

𝑣𝑣(𝑡𝑡)

𝑥𝑥 = 1

Mixer LPF
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Simulation

Calibration:

0 1 2 3 4 5 6 7 82.15

2.25

2.35

2.45

x

Fr
eq

ue
nc

y 
   

(G
H

z)

𝜔𝜔𝐿𝐿(𝑥𝑥),𝜔𝜔𝑈𝑈(𝑥𝑥) = 𝑔𝑔 𝜀𝜀′(𝑥𝑥), tan 𝛿𝛿 (𝑥𝑥)

0 1 2 3 4 5 6 7 8 90

2

4

6

8

10

0.002

0.006

0.01

0.014

0.018

x

ε' ta
n 

δ

Calibrated

𝜀𝜀′(𝑥𝑥), tan 𝛿𝛿 (𝑥𝑥) = 𝑓𝑓 𝜔𝜔𝐿𝐿(𝑥𝑥),𝜔𝜔𝑈𝑈(𝑥𝑥)
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Simulation

Estimation:

0 1 2 3 4 5 6 7 8 90

2

4

6

8

10

0.002

0.006

0.01

0.014

0.018

x

ε' ta
n 

δ

Estimated
Calibrated

0 0.05 0.1 0.15 0.2 0.25-0.5

0

0.5

1

1.5

2

2.5

Time   (ms)

D
(t)

𝜔𝜔𝐿𝐿(𝒙𝒙) 𝜔𝜔𝑈𝑈(𝒙𝒙)
𝑓𝑓
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Application

Prototype built on Rogers 4003C substrate with 
and without the resin container

Injection 
Node

DC Block

DC Block
50 Ω

Vout

DC FeedDC Feed

BFP420

DC Feed

48 Ω

Sensing 
Area

50 Ω

1.2 kΩ 680 Ω
VDC

0.5 pF

6.8 nH

0.5 pF4.7 pF
7 mm

6 mm

G,ω0

Sensing 
area

RFout RFout

VDC VDC
Injection 

node

Watertight 
resin 

container

Injection 
node

𝒙𝒙: Concentration of ethanol in water

Capacitive section of the resonator
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Application
𝒙𝒙: Concentration of ethanol in water

0 0.2 0.4 0.6 0.8 1-0.1

-0.05

0

0.05

0.1

0.15

Time   (ms)

D
(t) ε'

Percentage  (%)

ta
n 

δ

10 20 30 40 50 60 70 80 90
0

20

40

60

80

0.2

0.4

0.6

0.8

1

Estimated
Calibrated

Detection of 𝜔𝜔𝐿𝐿 and 𝜔𝜔𝑈𝑈 Estimation of 𝜀𝜀′ and tan 𝛿𝛿
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Summary

• Sensor based on an injection-locked oscillator driven by a 
chirp signal

• The time interval for which the oscillator gets locked to
the injection source depends on the MUT

• This time interval can be detected and used to estimate
the MUT
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