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Abstract: An X-band low-phase noise planar oscillator employing the substrate integrated waveguide (SIW) active resonator is
demonstrated. By compensating the losses in the SIW cavity with an active feedback loop, the Q-factor of the SIW active
resonator is greatly improved. The measured results show a loaded Q-factor of 1569 and unloaded Q-factor of 8782, which is
very high among other planar resonators. A simplified generalised phase noise condition and its optimisation approach are
proposed for the low-phase noise oscillator design. To validate the proposed optimisation approach, experimental prototypes
of oscillators using different design parameters and resonators are fabricated. The measured results show that the optimised
SIW active resonator oscillator possesses low-phase noise of −109.2 dBc/Hz at 100 kHz at X-band, which is 17 and 9 dB
better than the microstrip resonator oscillator and SIW passive resonator oscillator, and is comparable with the dielectric
resonator oscillator measured in this study.
1 Introduction

Modern communication systems rely on low-phase noise
(PN), low-cost oscillators to provide high spectral pure
signal sources. Among other parameters of the oscillator,
the PN performance has become increasingly important
because communication channels have become closer
spaced and more heavily loaded [1]. Lots of research works
have been reported to reduce the oscillator PN, which
mainly focused on increasing the quality (Q) factor of the
frequency stabilising resonator/filter [2–9]. Among them,
the ceramic, dielectric or metal waveguide cavity resonators
possess high Q-factor, but their three-dimensional (3D)
structure and bulky size result in difficulties for hybrid
implementation or on-chip realisation. Their expensive
manufacture cost also limits mass reproduction. Other
planar resonators, such as microstrip resonators, are low
cost, compact, easy to be integrated with other circuits and
compatible with standard printed circuit board (PCB)
process or monolithic microwave integrated circuit (MMIC)
techniques. However, the high loss of microstrip line leads
to poor Q-factor, which limits its performance. Recently,
the substrate integrated waveguide (SIW) technique has
drawn tremendous attention, for its low cost, low insertion
loss, high Q and compatible with standard PCB,
low-temperature co-fired ceramic process or MMIC
technique. Nevertheless, the unloaded Q-factor of a passive
SIW resonator is limited to several hundred at microwave
frequency [10–15].
To circumvent the Q-factor limitations and further reduce
the oscillator PN, numerous oscillators have utilised active
resonators (ARs)/filters [16–21]. The Q-factor can be
greatly improved through compensating the losses of the
passive resonator (PR). Although the oscillator PN was
proven successfully reduced in the previous works, some
subtle design issues remain to be explored and addressed.
Firstly, the passive elements of the AR are mostly based on
microstrip technique in the past, which makes the resonator
sensitive to cross-coupling or interferences because of the
resonator open structure. This can be improved with an
SIW AR, which possesses high Q-factor and
electromagnetic (EM) shielding structure. Secondly, in
previous works, the oscillator design and optimisation
approach is either based on the non-linear model of the
active device [16–18], or on the linear S-parameters
[22, 23]. The first approach is relatively accurate, and the
oscillator performances can be fully predicted. However,
the non-linear model is indispensable. For many
commercial transistors, which are only provided with linear
S-parameters, the first approach is not applicable. The linear
approach in [22] can be used for the PN optimisation of the
loop-feedback oscillator, but is not suitable for the design
of negative-resistance oscillator. The method in [23] is
complicated to reach the optimised PN conditions (PNCs).
In this paper, the development of a low-PN oscillator

utilising an SIW AR and a simplified PN optimisation
approach for negative-resistance oscillator design are
presented. In Section 2, the SIW AR with a minimum noise
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figure is designed using an active feedback loop. As
comparison, a microstrip resonator, SIW PR and dielectric
resonator (DR) are also designed and fabricated. The
measured results show that the SIW AR possesses very
high Q-factor as a planar resonator, which is comparable
with the DR. In Section 3, four negative-resistance
oscillators using different resonators are developed. Based
on the S-parameters of the active device, a simplified PN
indicator – generalised PNC and its optimisation process
has been proposed. To validate the proposed approach,
three SIW AR oscillators (AROs) with different design
parameters are measured in Section 4, which proves the
feasibility of the PNC optimisation approach. Then, PN
comparisons between the oscillators using different
resonators are provided with detailed measured results.
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2 Design and implementation of high-Q SIW
AR and other resonators for comparison

2.1 Design of the SIW AR

According to Cassivi et al. [11], the propagation property of
SIW is similar to the rectangular waveguide, and TE10-like
mode is the fundamental mode. For the design of SIW
resonator, the following design equations can be utilised to
calculate the resonance frequency [11]

fR TEm0q( ) =
c0

2 · ���
1R

√ ·
�����������������������
m/Weff

( )2+ q/Leff
( )2√

(1)

and

Leff = L− D2

0.95 · p , Weff = W − D2

0.95 · p

where D is the diameter of the metallised hole, p is the period
between them, and c0 is the speed of light in vacuum.
Commonly, there are two ways for designing an AR

[16–21, 24], coupling a properly designed
negative-resistance device, or introducing an active
feedback loop to the PR. The latter is the design method in
this paper, as shown in Fig. 1. Since the feedback loop
contains an active device, special attention should be paid
to the noise design of the AR. It is important to minimise
the effect of the added-noise introduced by the amplifier.
The detailed design procedure for a low-noise lossless AR
is described in [18]. Following Morteza Nick’s theory, the
SIW resonator can be fully loss-compensated with
Fig. 1 Schematic of the SIW AR and its equivalent circuit

a SIW AR formed by introducing an active feedback loop to the SIW passive reso
b Equivalent circuit for the SIW AR
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minimum noise degradation when

Q1 =
G2 − 1

G2
· Qu (2)

Q2 = G2 − 1
( ) · Qu (3)

and

Q1 =
k2150

v0Lr
, Q2 =

k2250

v0Lr
, Qu =

Rr

v0Lr

where Rr, Lr and Cr are the shunt RLC resonator model
parameters for the SIW cavity resonator; ZL is the load
impedance; G is the gain of the amplifier, which is coupled
to the SIW cavity through transformer model with turns
ratio k1 and k2. The quality factor Q1 and Q2 denote the
loading effect because of the gain stage’s input and output.
Then, the minimum noise figure of the AR is [18]

Fmin = FPassive +
Qe

Qu

( )
·M (4)

and

M = FAmp − 1

1− 1/G2
, FPassive = 1+ Qe

2Qu

where FPassive is the noise figure of the PR, FAmp is the noise
figure of the amplifier in the active feedback loop, Qu and Qe

are the unloaded and external quality factor of the resonator.
From (2) and (3), the optimum coupling coefficients k1 and

k2 can be found with

k21 = G2 − 1
( ) · Rr

G2 · 50 (5)

k22 = G2 − 1
( ) · Rr

50
(6)

The active device used in the feedback loop is InGaAs
high-electron-mobility transistor (HEMT) MGF4941AL
from MITSUBISHI Corporation, which possesses 12.2 dB
gain at 11.5 GHz from the datasheet. It should be noted that
it is possible for the AR to oscillate if improperly designed.
Once the AR oscillates, it will strongly affect the
resonator’s performance, and degrade the oscillator PN.
Thus, the oscillation in the AR must be avoided. Firstly, the
design equations in [18] must be strictly followed to avoid
nator
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Fig. 2 Different types of resonators implemented in this paper

a Microstrip resonator
b SIW PR
c Dielectric resonator
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potential oscillation. Secondly, considering the production
transistor parameters and PCB fabrication tolerances, a
higher gain value of MGF4941AL than the datasheet is
utilised for calculating the coupling coefficient k1 and k2.
For example, we choose G = 13.2 dB at 11.5 GHz, which is
1 dB higher than the gain indicated in datasheet. Thus, the
calculated coupling coefficients k1 and k2 will be a little
less than the required values for total loss-compensation.
This will ensure that variations in production transistor
parameters and passive component tolerances will not cause
undesired oscillations in the AR. When the coupling
coefficients k1 and k2 are found, the dimensions of the
coupled microstrip lines, which compose the active loop,
can be determined with 3D full-wave simulator Ansoft
HFSS. During the simulation and fabrication, Rogers
RT/duroid 5880 with dielectric constant of 2.2 and
thickness of 0.508 mm is used.

2.2 Implementation and measurement of the SIW
AR and other resonators for comparison

The designed SIW AR is fabricated with standard PCB
process. For comparison, a passive microstrip resonator, a
SIW PR and a DR are also implemented and measured, as
shown in Fig. 2. For the microstrip resonator, both electric
and magnetic couplings exist [25]. The DR is magnetically
coupled to the microstrip line through TE-01δ mode [26].
All of these resonators are designed to resonate at X-band.
Fig. 3 gives the simulated and measured results for the SIW

AR. With biasing voltage Vdd = 2 V and Idd = 10 mA, the
losses in the SIW cavity is almost totally compensated with
the active feedback loop. Using method provided in [26,
27], the loaded Q-factor Ql, coupling coefficient k and the
Fig. 3 Simulated and measured results for the SIW AR

a S11 from 11.3 to 11.7 GHz
b Input impedance magnitude |Zin| of the resonator (Biasing condition for MGF49
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unloaded Q-factor Qu can be calculated with the measured
results. Table 1 gives detailed comparison between these
different resonators. The measured results show that the
SIW AR possesses loaded Ql of 1569 and unloaded Qu of
8782 at X-band, which is very high among planar resonators.

3 Design and PN optimisation for SIW AR
oscillator and other oscillators

In this section, the design principle of the negative-resistance
oscillator is summarised in Section 3.1; then in Section 3.2, a
generalised PNC is introduced and utilised for the PN
optimisation, based on the S-parameters of the active
device. With the proposed PN optimisation approach, four
different oscillators are designed and fabricated.
3.1 Design principle of the negative-resistance
oscillator

The oscillator design is based on the negative-resistance
concept [1]. Series feedback topology is utilised to generate
desired negative resistance. The active device used for the
oscillator is also MGF4941AL (HEMT). The schematic of
the designed SIW ARO is shown in Fig. 4. Lser is the series
feedback inductor. Rbia is the resistor providing the negative
biasing voltage Vgs for the HEMT. L is the length of the
microstrip line between the transistor and SIW resonator.
Through tuning L and Lser, the oscillating conditions can be
met: |Гneg| · |Гres| > 1 and Arg(Гneg) = Arg(1/Гres).
For oscillators using other types of resonators, the design

procedure is the same as for the SIW ARO. It is the only
difference that the SIW AR is replaced by other PRs, as
41AL: Vdd = 2 V, Idd = 10 mA.)

139
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Table 1 Comparison of measured results for different
resonators

Resonators FRES,
GHZ

BW3 dB,
MHZ

Loaded
QL

Unloaded
QU

microstrip PRa 11.762 220 53 139
SIW PRa 11.495 40.6 283 562
SIW PR [11] 12.435 — — 394–542
microstrip AR
[17]

9.984 — 548 —

microstrip AR
[18]

8 — 720 4000

dielectric
resonator [2]

4 — 1500–
3800

8000

dielectric
resonatora

11.281 5.8 1945 9526

SIWARb 11.454 7.3 1569 8782

aOther resonators measured in this paper.
bThe proposed high-Q SIWAR.

Fig. 5 Oscillators using other types of PRs in X-band

a Microstrip PRO
b SIW PRO
c DR oscillator
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shown in Figs. 5a–c. All the resonators have been designed
and measured in Section 2.
Commonly, with the fixed series feedback inductor Lser, a

range of L values would satisfy the oscillating conditions.
However, the PN performance of the oscillator differs as
the L varies. Thus, it is possible to find an optimised L to
minimise the oscillator PN.

3.2 Phase noise optimisation by maximising the
generalised PNC value

In previous works, to design an oscillator, the widely used
approach is based on the non-linear model of the active
device [16–18], which is convenient and relatively accurate,
and the oscillator performances can be fully predicted, but
the non-linear model is indispensable. The second approach
relies on the linear S-parameters of the active device [22,
23, 28], which is quite simple and applicable for those
commercial transistors with only small-signal S-parameter
provided. However, there are still some design issues to be
explored for the second approach: in [28], the oscillator
design method does not include the PN optimisation
process; in [22], the Bode plot can be used for PN
optimisation only for the feedback-loop oscillators design
and not suitable for the negative-resistance oscillator; in
[23], for the negative-resistance oscillator design, the
optimum PNCs are summarised as follows:

(i) (1/h) · d GC

( )( )
/(dv)

( )∣∣ ∣∣ is maximised;
Fig. 4 Schematic of the proposed oscillator using SIW AR
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(ii) |(1/h) · ((d(GD)
−1)/(dA))| is minimised;

(iii) The reflection coefficients of the resonator locus and the
inverse device locus must be orthogonal at the reflection
plane;
where ГC is the reflection coefficient of the resonator, ГD is
the reflection coefficient of the active device and η is the
magnitude of ГC, as shown in Fig. 6a. Although the
minimum PN can be reached when the above three
conditions are satisfied, the second and the third conditions
are quite complicated to handle, and cannot be simulated or
measured directly.
IET Microw. Antennas Propag., 2014, Vol. 8, Iss. 3, pp. 137–144
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Fig. 6 Schematics of the oscillator circuit for analysing PNC

a As in [23], the oscillator is divided into two parts: the active device part and
the resonator part, with ГC and ГD as the optimisation parameters
b Proposed in this paper, the active device is included into the generalised
one-port network, with S11 as the optimisation parameter

Table 2 Simulated PNC for the oscillator using SIW AR

L, mm fOSC, GHz X (×10−6) Y (×10−6) PNC (×10−6)

9.4 11.480 0.142 9.093 9.094
9.6 11.479 0.219 8.368 8.371
9.8 11.479 0.415 12.545 12.552
10.0 11.479 0.122 137.01 137.01
10.2 11.478 0.166 109.47 109.47
10.4 11.479 0.966 26.078 26.096
10.6 11.480 0.141 15.440 15.441

Fig. 7 Simulated PNC value against L, for the oscillators using
different resonators

Table 3 Optimum L for the oscillators using different
resonators

Oscillators Opt. L,
mm

fOSC,
GHz

PNC
(×10−6)

microstrip resonator
oscillator

5.2 11.891 5.818

SIW PRO 6.2 11.495 20.97
dielectric resonator
oscillator

8.3 11.279 176.46

SIWARO 10.0 11.459 137.01
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In this paper, a simplified generalised PNC is defined as

PNC = 1

r
· d S11

( )
dv

∣∣∣∣
∣∣∣∣ (7)

and

S11 = GOSC

∣∣
ZL=Z0

= r(v) · ejf v( ) (8)

where ГOSC is the reflection coefficient of the oscillator output
port, as shown in Fig. 6b. The negative impedance (Ract +
jXact), which is generated by the active device, is desired for
oscillating, and will also lead to some resonance frequency
shift because of the reactance Xact. From Fig. 6b, the
resonator circuit and the active device are taken as a
generalised one-port network, including the effect of both
the Ract and Xact. Thus, the proposed PNC is a proper
indicator for the PN performance of the oscillator, and it is
easy to be analysed or simulated with commercial software.
When PNC is maximised, the optimum PNC can be
reached. Compared with the three conditions in [23], the
proposed PNC condition is quite simple for optimising the
oscillator PN.
Substituting (8) into (7)

PNC = r′(v)
r(v)

· ejf v( ) + jf′(v)ejf v( )
∣∣∣∣

∣∣∣∣ (9)

at oscillating frequency ω0, e
jf v( )∣∣

v=v0
= 1, thus

PNC|v=v0
= r′ v0

( )
r v0

( ) + jf′ v0

( )∣∣∣∣∣
∣∣∣∣∣ (10)

From (10), the first part of PNC is dependent on the
magnitude of S11, and j′(ω0) is the phase slope of S11 at
oscillating frequency ω0. Thus, finding optimum design
parameter L (the length of the microstrip line between the
active device and the resonator circuit) to maximise PNC is
IET Microw. Antennas Propag., 2014, Vol. 8, Iss. 3, pp. 137–144
doi: 10.1049/iet-map.2013.0380
the goal of our PN optimisation. Let

X = r′ v0

( )
r v0

( )
∣∣∣∣∣

∣∣∣∣∣, Y = f′ v0

( )∣∣ ∣∣ (11)

then

PNC|v=v0
=

����������
X 2 + Y 2

√
(12)

Thus, a negative-resistance oscillator design can be
summarised as this: firstly, using method in [28] to obtain a
set of L values (the microstrip length between the active
device and the resonator circuit) to satisfy the oscillating
conditions; secondly, setting L as the variable, the PNC
value can be obtained from S-parameter simulation with
advanced design system. According to the peak PNC value,
the optimum L can be determined, and a low-PN SIW
oscillator can be expected. The utilised MGF4941AL are
provided with S-parameters under Vd = 2 V, Id = 10 mA.
Table 2 gives the simulated PNC for SIW ARO with

these L values. With L = 10.0 mm, the maximised PNC of
141
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137.01 × 10−6 can be obtained, which corresponds to the best
PN performance. From Table 2, it is worthy noted that
X ≪ Y , thus PNC is mainly dependent on Y, or the phase
slope of S11 at oscillating frequency. This is similar to the
conclusion in [22] for feedback-loop oscillators. Fig. 7
compares the simulated PNC for all of the four oscillators
utilising different resonators. It is noted that each of the
four curves has a peak PNC value, with which the oscillator
Fig. 8 Fabricated experimental prototypes of the oscillators using
different resonators in X-band

a SIW ARO
b Microstrip resonator oscillator
c SIW PRO
d DR oscillator

Fig. 9 Measured results of SIW AROs

a Output spectrum 10 MHz to 50 GHz for SIW ARO-I (with optimum L = 10.0 m
b Output spectrum with span of 500 kHz for SIW ARO-I
c Comparison of the output spectrum for SIWARO-I (with optimum Lopt = 10.0 mm
L = 10.6 mm); the VBW= 10 kHz
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can possess optimum PN performance. According to the
peak PNC point, the optimum L value can be determined.
Table 3 lists the optimum L values and the peak PNC for

each of the four oscillators using different resonators. From
Table 3, it is clearly that the PNC of the SIW ARO is much
larger than the oscillators using microstrip resonator or SIW
PR, and comparable with the PNC of DR oscillator (DRO).
Thus, a low-PN SIW ARO can be expected. With the
optimum L value, four oscillators utilising different
resonators are fabricated through standard PCB process.
Fig. 8 shows the pictures of the experimental prototypes. To
validate the PNC optimisation approach, two additional
SIW AROs with non-optimum L are also fabricated.

4 Experimental measurement of the
implemented oscillators

4.1 Validation of the PNC optimisation approach

To validate the proposed PN optimisation process, three SIW
AROs are fabricated and measured. The design parameters
are all the same for the three AROs, except that the L of
SIW ARO-I is 10.0 mm (the simulated optimum value),
whereas L of SIW ARO-II is 9.4 mm, and the L of SIW
ARO-III is 10.6 mm (non-optimum value). Fig. 9 shows the
measured output spectrums of the three SIW AROs with
Agilent signal analyser N9030A. Figs. 9a and b show the
output spectrum for SIW ARO-I. The oscillating frequency
is 11.457 GHz with an output power of 2.01 dBm. (Owing
to marker resolution limit of N9030A, the oscillating
frequency is shown as 11.41 GHz in Fig. 9a.) The insertion
loss of the connected cable is 2.7 dB, thus the actual output
m)

), ARO-II (with non-optimum L = 9.4 mm) and ARO-III (with non-optimum

IET Microw. Antennas Propag., 2014, Vol. 8, Iss. 3, pp. 137–144
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power is 4.7 dBm for the oscillator. From Fig. 9a, the second
harmonic is below −29 dBc and the third harmonic is below
−43 dBc. For a free running oscillator, the PN can be
calculated with the following relation [12]

PN = PSideBand − PCarrier − 10 log10 RBW( ) (13)

where PCarrier is the power of the carrier frequency, PSideBand

is the power of the sideband noise at the frequency offset and
RBW = 10 kHz. Thus, from Fig. 9b, the PN of the SIW
ARO-I is −108.15 dBc/Hz at 100 kHz offset. Fig. 9c shows
the PN for the three SIW AROs with a span of 500 kHz,
where the output spectrums are centred at the oscillating
frequency and normalised to the maximum output power.
From Fig. 9c, SIW ARO-I has the best PN performance,
with 5.3–9.5 dB PN improvement at 100 kHz offset,
compared with SIW ARO-II and ARO-III, which do not
utilise the optimum L value. It is clearly that maximisation
of PNC has successfully optimised the PN of the SIWARO-I.
For the SIW AR, the consumed DC power is 20 mW, with

Vdd2 = 2 V and Idd2 = 10 mA. The DC power for the oscillator
itself is 28 mW, with Vdd1 = 2.8 V and Idd1 = 10 mA. Thus,
the total DC power for the SIW ARO is 48 mW,
corresponding to 6.2% DC-RF conversion efficiency. Some
DC power has been consumed on the active device in the
SIW AR, and on the biasing resistor Rbia. The power
conversion efficiency can be improved if non-resistance
biasing network and lower quiescent current for
MGF4941AL are utilised.
Fig. 10 Measured PN of the oscillators using different resonators
with frequency offset from 1 kHz to 10 MHz, obtained with Rohde
and Schwarz source analyser FSUP50

Table 4 Comparison of hybrid oscillators at X-band

Device Resonator

HEMTa microstrip PR
Si Bipolar Junction Transistor [3] microstrip hairpin reso
pHEMT [17] microstrip AR
SiGe Heterojunction Bipolar Transistor [6] microstrip active filter
pHEMT [13] SIW PR
HEMTa SIW PR
HEMTa dielectric resonator
HEMTb SIWAR

aOther oscillators measured in this paper.
bThe proposed SIW ARO in this paper.
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4.2 Comparison of four oscillators using different
resonators

Furthermore, Rohde and Schwarz signal source analyser
FSUP50 is utilised to accurately measure the PN
performance of the four oscillators (all with optimum L
values). Fig. 10 shows the measured results. The PN of the
SIW ARO is decreased by 17 and 9 dB at 100 kHz offset,
compared with the microstrip PR oscillator (PRO) and the
SIW PRO, respectively. At 10 kHz offset, the PN
improvement is 23 and 5 dB, respectively. Overall, the PN
performance of the SIW ARO is much better than the
microstrip PRO or SIW PRO, and is even comparable with
the DRO, except for frequency offset between 100 and 600
kHz, where the DRO has 2–7 dB improvement. That is
because in Lesson’s theory [29, 30], the second PN corner
frequency is (ω0/2Q). And DR has higher Q-factor than the
SIW AR, as shown in Table 1. Since the four oscillators
utilised the same active device (MGF4941AL), their flicker
corner frequencies are the same. Thus the measured PN
performances of the four oscillators are mainly dependent
on the resonator Q-factor and the PN optimisation process,
which coincides with the PNC value in Table 3. This
further proved the validity of the proposed PNC
optimisation approach.
According to [29], the PN floor is

Phase noise floor = 10 log10
2FkT

PCarrier

( )
(14)

where F is the factor of the active device to account for the
increased noise in (1/Δf )2 region. With (14), the PN floor is
only dependent on the active device and the output power
level. This has been observed in Fig. 10, where the noise
floors of the four oscillators are all around −130 dBc/Hz.
The FOM of an oscillator can be calculated with [18]

FOM = L Df
( )− 20 log10

f0
Df

( )
+ PDC dBm( ) (15)

where L(Δf ) is the PN, Δf is the frequency offset, f0 is the
oscillation frequency and PDC is the total consumed DC
power. Thus the FOM of the measured SIW ARO is
−192.8 dBc/Hz. Performance comparison of oscillators
using different active/passive resonators at X-band is listed
in Table 4.
fOSC, GHz L (100 kHz), dBc/Hz FOM, dBc/Hz

11.87 −92.1 −178.6
nator 9 −109 −185.6

10 −114.3 −187.4
8 −125 −205
9.5 −92 −184

11.48 −100.3 −186.8
11.24 −111.6 −198.1
11.45 −109.2 −192.8
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5 Conclusions

A low-PN oscillator employing SIW AR is presented in this
paper. By using an active feedback loop, the loss in the
SIW cavity is compensated; thus the Q-factor of the SIW
AR is greatly improved. Design method is taken to
minimise the effect of the added-noise introduced by the
amplifier in the AR. As comparison, a microstrip resonator,
a SIW PR and a DR are also implemented and measured.
The measured results show a loaded Q-factor of 1569 and
an unloaded Q-factor of 8782 for the SIW AR, which is
ultra-high among other planar resonators and comparable
with the DR. In addition, the planar SIW AR possesses EM
shielding structure, making the resonator resistant to the
cross-coupling or outside interferences, which is the
advantage over the microstrip-type resonator.
During the oscillator design, a novel PN optimisation

approach is proposed and utilised by maximising the PNC
value. This approach is based on the linear S-parameters of
the active device, thus the non-linear model is not required.
Compared with the previous PN optimisation approach
based on the linear S-parameter, the proposed PNC
optimisation approach is quite simple and easy to be
analysed or simulated. To validate the proposed approach,
experimental prototypes of oscillators using different design
parameter L and different resonators are fabricated. The
measured results show great PN improvement for the SIW
ARO: −83.6 dBc at 10 kHz offset, −109.2 dBc/Hz at 100
kHz offset at X-band, which is comparable with the DRO
measured in this paper. The PN improvement is 17 and 9
dB at 100 kHz offset, compared with the microstrip PRO
and SIW PRO, respectively.
In addition, by coupling varactor to the SIW cavity [13,

31], a low-PN voltage-controlled oscillator can be expected
to be implemented with the developed SIW ARO.
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