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Abstract
A frequency generator based on the forward coupler principle is proposed. The proposed
design, intended for high‐frequency applications, uses Half‐Mode Substrate Integrated
Waveguide structure to realise the forward coupler. It thus achieves compactness,
requiring approximately half the area compared to Substrate Integrated Waveguide
structures, and supports non Transverse Electromagnetic (TEM) functionality. The non‐
TEM environment provides the flexibility to use the frequency generator for chipless
Radio Frequency Identification readers in the sub‐GHz band and mm‐wave range. Full‐
wave simulations and the subsequent measurements on a prototype developed on Rogers
3006 substrate performed for the forward coupler resonators and frequency generator
validate the proposed design concept.
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1 | INTRODUCTION

The chipless Radio Frequency Identification (RFID) tag is the
subcategory of passive RFID [1, 2]. In the chipless system,
the RFID reader reads the backscattered response of the
chipless tags for encoding purposes. It detects the frequency
spectrum of the received signal and extracts the tag signature.
The detection range and backscattered signal strength are
crucial factors in defining the chipless RFID system's suit-
ability in any application [3]. The backscattered response of
chipless RFID is lower, as it is highly affected by distance and
noise, and hence the chipless RFID system is mainly suitable
for short‐range communication applications. Furthermore,
the RFID reader holds a crucial role in the overall cost and
performance of the chipless RFID systems considering that
the chipless RFID tags can be printed on the low‐cost sub-
strate and paper [4].

Recent works in this domain have been primarily in the
Ultra‐Wideband regime and focussed on the cost reduction of
the tag [5–7]. The size of the chipless tags can be further

reduced by choosing a higher operating frequency and mm
wave of the RFID systems. However, they come at the
increased cost of the reader's frequency generating unit [8].
Furthermore, frequency‐dependent transmission faces higher
losses and dispersion at a higher frequency according to
Kramers‐Kronig relations [9]. Another critical factor in the
frequency generating units of RFID readers is the phase noise
at high frequencies [10, 11]. There have been a renewed in-
terest in Substrate Integrated Waveguide (SIW) structures as
they have the potential to address the concerns associated with
high‐frequency devices [12, 13]. The SIW is a transition be-
tween the microstrip line and Dielectric Filled Waveguide
(DFW). The DFW is converted to SIW with the help of vias in
the sidewalls of the waveguide, as presented in Figure 1. One
of the key features of the SIW structures is the high‐quality
factor [14], which enables low phase noise [15], high power
capability, and low insertion loss [16]. Its compatibility with
standard fabrication processes makes a promising waveguide
solution for a large number of microwave applications. Sub-
strate Integrated Waveguide circuits allow planner and non‐
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planner structures within the same substrate [17, 18] and lead
to the design of low‐cost millimetre‐wave transceivers.

A number of reports on frequency generators or oscillators
based on SIW structures with fixed oscillation frequencies exist
in literature [19–21]. However, these oscillators often suffer
from large size and design complexity and cannot be tuned
continuously. However, these issues can be overcome by
Transverse Electromagnetic (TEM) C‐section structures [22].
But C‐section structures are difficult to realise at higher fre-
quencies due to large coupling while achieving more substantial
dispersion. Similarly, the SIW structure augmented with an
external amplifier enables the design of a low‐cost microwave
oscillator [21]. However, the presence of an external amplifier
makes the size of this oscillator large.

The size of the SIW structure is a significant concern,
and the size can be reduced using Folded Substrate Inte-
grated Waveguide (FSIW) [23]. However, it employs a multi‐
layer structure which increases the costs and the fabrication
complexity. A Half‐Mode Substrate Integrated Waveguide
(HMSIW) is an excellent alternative to SIW and FSIW, which
reduces the width of the SIW by 50%, keeping all the ad-
vantages of the full mode SIW structure [24], as shown in
Figure 1. High frequency and mm wave RFID reader opens
a new path for chipless RFID to reduce the size further.

Therefore, this paper proposes a novel HMSIW frequency
generator for high‐frequency chipless RFID readers using the
forward coupler concept. Half‐Mode Substrate Integrated
Waveguide is capable of propagating guided waves in only
half‐width of standard SIW and requires slightly more than
half of the width of SIW to operate with the same cutoff
frequency [24]. The waveguide structure helps to operate the
system at higher frequencies without losses. The frequency
generator using the HMSIW structure has been prototyped
on the Rogers 3006 substrate, and the measurements and
simulation results show excellent transmission and oscillation
results under various conditions.

The paper explains the mathematical model and design of
the HMSIW structures for the forward coupler in Section 2.
Section 3 discuss the measurements and characterisation of
the HMSIW forward coupler resonator, and Section 4 pre-
sents the oscillation analysis of the frequency generator using
the HMSIW forward coupler resonator. Finally, Section 5
concludes the article.

2 | DESIGN OF FORWARD COUPLER
CONFIGURATION

Two types of coupling can occur, forward coupling and
backward coupling, when two microstrip transmission lines
come closer. The backward coupling supports the TEM wave
propagation and is suitable for low‐frequency applications. The
forward coupling, which works for a non‐TEM environment is

F I GURE 1 Transition of Substrate Integrated Waveguide (SIW)
structure into Half‐Mode SIW (HMSIW) structure

F I GURE 2 Signal flow graph of a four‐port coupler

F I GURE 3 Flow graph of two‐port forward coupler passive ring (up).
Passive ring with a gain element inside the ring (below)
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used as a waveguide, and is appropriate for high‐frequency
applications and can also be used as a transmission line
[22, 25]. Figure 2 depicts a typical signal flow graph for a four‐
port forward coupler. Its simple analysis results in S1 = − j �
sin(kl)e−jγl, S2 = cos(kl)e−jγl, S3 = 0, and S4 = 0. Here, k is the
coupling per unit length, γ is the propagation constant, and l is
the coupled length [26]. The scattering matrix of this forward
coupler is given in (1).

A two‐port forward coupler ring can be made by con-
necting port 3 (isolated port) and port 4 (coupled port) of the
coupled lines, as shown in Figure 2. Its scattering matrix is
given in (2) and clearly the b4 = a3e−jϕ and b3 = a4e−jϕ, with ϕ
being the phase loss due to length of the ring, are the updated

values as the ports 3 and 4 are connected. The transmission
response of the forward coupler ring in (3) can be found using
the updated S‐matrix in (2). Furthermore, the gain element
inside the forward coupler ring, as shown in Figure 3, modifies
the passive forward coupler ring's transmission response to (4).
Here, G is the gain of the active element inside the passive ring
of the forward coupler.

F I GURE 4 Parametric analysis of two‐port
forward coupler ring variable gain (ring
length = 49.1 mm; up) ring length (at gain = 2.5 dB;
below)

F I GURE 5 Fabricated Half‐Mode Substrate Integrated Waveguide
(HMSIW) forward coupler

F I GURE 6 Measurement setup for the developed passive and active
forward coupler resonators and frequency generator
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The simulated transmission response of the forward
coupler ring without and with the gain element is given in
Figure 4. A parametric study was performed to investigate
the ring length and gain effects on the proposed forward

F I GURE 7 Measured S‐parameters and group
delay response of the passive Half‐Mode Substrate
Integrated Waveguide (HMSIW) resonator

F I GURE 8 Measured biased amplifier S‐parameters for active forward coupler structure
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coupler ring's transmission response. It is shown that the
losses due to the coupled section of the structure can be
compensated by an additional gain element inside the coupled
section. Also, the length of the ring affects the resonating
frequency of the coupled section as shown in Figure 4.

3 | MEASUREMENT AND ANALYSIS OF
HMSIW FORWARD COUPLER
RESONATOR

Substrate IntegratedWaveguide with an imaginarymagnetic wall
and each half of the SIW structure becomes an HMSIW struc-
ture. The original field distribution is the same in both half parts

of the structure because of its large width‐to‐height ratio and
supports the same guided wave modes in the half structures. As
reported earlier, HMSIW exhibits improved performance and
low attenuation at higher frequencies supporting half‐width of
the SIW structure, making the overall structure compact [24]. It
is now used to implement the proposed configuration shown in
Figure 5. The length and width of the HMSIW structure are
calculated using the waveguide concept for TE10 mode given in
(5). Here, c is the speed of light,m, and n are the mode numbers,
and a and b are the width and length of the waveguide,
respectively.

f ¼
c
2π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mπ
2a

� �2
þ

nπ
2b

� �2
r

ð5Þ

F I GURE 9 Active forward coupler with an
amplifier inside the ring (up). Its measured
transmission response at different amplifier bias
(below)

F I GURE 1 0 Measured S‐parameters and group
delay of the filter
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The passive HMSIW configuration is fabricated on Rogers
3006, and the respective length of the coupled section and ring
lengths are 21 and 48 mm. The sidewall of the fabricated
structure makes ground by connecting the top metallic layer of
the Rogers substrate to the ground with vias, as shown in
Figure 5. The measurement setup is given in Figure 6, whereas
the measured responses are given in Figure 7. The result in-
dicates a positive group delay at around 5.98 GHz while
showing excellent transmission behaviour.

Subsequently, the active forward coupler is realised. For
such a situation, a gain element is used inside the ring to
mitigate the losses due to the coupled structure. The measured
profiles for multiple biasing conditions of the amplifier used in
the active forward coupler are given in Figure 8. The fabricated
active forward coupler using Rogers 3006 substrate is shown in
Figure 9a. Once again, the setup in Figure 6 used to measure

this design provides measured transmission response given in
Figure 9b for different biasing of the amplifier. As the biasing
of the amplifier changes, the gain of the amplifier changes
accordingly, which affects the transmission response of the
active forward coupler. Initially, for Vc open and Vc = 0, the
losses due to the coupled structure are very high (−10 to
−15 dB). At Vc = −0.4, amplifier gain equalises the losses of
the coupled structure, and after that, the forward coupler
shows gain in the transmission response, which saturates after
a specific amplifier biasing voltage.

Apparently, there are frequency spurs outside the fre-
quency of interest. Therefore, a 4‐coupled microstrip trans-
mission line section is used as a filter on both ends of the active
forward coupler structure to eliminate the unwanted frequency
outside the desired frequency band. The S‐parameter and
group delay response of the filter is given in Figure 10, and
these indicate that the allowed passband of the filter is 1 GHz
(5.7–6.7 GHz) and has a minimal loss (−4 dB) due to the
filter. Finally, the prototype of the forward coupler, including
4‐section filters on both ends of the active unit to eliminate
unwanted signals outside the desired band, is shown in
Figure 11.

For further tuning the system's frequency, a phase shifter
can be introduced inside the ring according to the block
diagram in Figure 12a. A number of simulations are carried
out to assess the phase shifter effect on the performance,
and the outcome is given in Figure 12b. The transmission
responses show that with the increase in phase shift, theF I GURE 1 1 2‐port active forward coupler with filters on both ends

F I GURE 1 2 Block diagram for tuning the
frequency using phase shifter (up). Simulation
responses of the active forward coupler with variable
phase shift (below)
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frequency of the system decreases and vice versa. It can
thus be inferred that the proposed design can be used to
tune the system's frequency. Furthermore, the phase shifter
can be used inside the forward coupler ring as well as an
outside block. Thus, it provides flexibility to adjust the
system after the fabrication.

4 | MEASUREMENT AND ANALYSIS OF
ACTIVE HMSIW STRUCTURE
FREQUENCY GENERATOR

The input port of the active forward coupler with filter is
terminated in 50−Ω, and its output port is connected with the
Agilent spectrum analyzer based setup in Figure 6. The
amplifier noise works as an input signal for the frequency

generator inside the forward coupler ring. The noise gets
amplified due to the forward coupler ring at the dominating
positive group delay resonating frequency. The spectral
response of the fabricated active forward coupler ring with the
tuned amplifier is shown in Figure 13a. The spectrum analyzer
responses for variable ring lengths are given in Figure 13b.

It has been observed that the oscillation frequency of the
frequency generator is close to the measured resonating fre-
quency of the active and passive forward coupler transmission
responses. Also, the phase noise of the generated frequency is
calculated using the same spectrum analyzer. The sideband
power is −52 dB at a 100‐kHz offset for 0 dB carrier power.
The losses due to different components are −10 dB adjusted in
the oscillation frequency's carrier power and sideband power.
The resolution bandwidth 1 kHz is considered, and phase
noise is calculated using (6) [27], and it comes around

F I GURE 1 3 Output spectrum of active forward coupler structure with one end of the structure matched and closed. Spectrum analyzer response (up),
responses of the spectrum analyzer for variable ring length (below)

416 - SHARMA AND HASHMI
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−82 dBc/Hz after considering all the losses. Therefore, the
measured phase noise of the HMSIW frequency generator is
better than 80 dBc/Hz at an offset frequency of 100 kHz over
the entire tuning frequency range, as shown in Figure 14. A
detailed comparison based on phase noise and board size be-
tween the proposed frequency generator and the previous
proposed SIW based frequency generators given in Table 1
shows the superior behaviour of the proposed design.

Pnoise ¼ Psideband − Pcarrier − 10 ∗ logðRBW ÞdB ð6Þ

5 | CONCLUSION

An active forward coupler for frequency generator is pro-
posed, analysed, and experimentally validated in this paper.
The forward coupler works on the concept of non‐TEM,
and hence it can be used for high‐frequency applications.
The proposed design can be used for chipless RFID readers
to further reduce the size of RFID systems and chipless tags
without incurring additional losses. The experimental results
display the spectrum response of the frequency generator
owing to amplifier noise inside the active forward coupler
ring. The results demonstrate that the proposed frequency
generator has the potential for use in low‐cost chipless
RFID readers.
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