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Abstract— In this work, for the first time, a 5G/mm-Wave
harmonic frequency modulated continuous wave (FMCW) radar
with dual Rotman lens-based harmonic millimeter identifica-
tion (mmID) ranging system is proposed enabling ultralong
range highly accurate localization for future localized sensing
cyberphysical systems (CPSs). A detailed characterization of the
fully-passive harmonic mmID is first presented with an estimated
maximum harmonic radar cross section (RCS) of −35.8 dBsm
and a 10 dB beamwidth of ±50◦. The mmID fully overcomes the
high-gain beamwidth tradeoff seen in typical high-gain designs
enabling robust, ultralong-range detectability. A link budget
analysis of the proposed harmonic mmID is presented with the
current proof-of-concept (PoC) harmonic radar and with an
equivalent isotropic radiated power (EIRP) of 75 dBm reading
ranges in excess of 8 km are envisioned. In addition, the system
provides a highly accurate ranging at long range with a bounded
maximum ranging error of 17 cm up to 46 m from the radar.
Furthermore, the 5G/mm-Wave system capitalizes on the highly
sensitive phase information for ultrafine 0.4 mm accurate ranging
at 10 m. Thus, the proposed system presents a fully-passive, long-
range ranging system for future CPSs.

Index Terms— Cyberphysical systems (CPSs), 5G, frequency
modulated continuous wave (FMCW), harmonic millimeter iden-
tification (mmID), mm-Wave.

I. INTRODUCTION

W ITH the recent advances in wireless cyberphysical
systems (CPSs) and 5G/mm-Wave technologies, there

is a promise of supporting over 75 billion devices on these net-
works by 2025. As the number of devices scales, an expected
proportional number of batteries would be needed and contin-
ually replaced in order for these future wireless infrastructures
to operate. Thereby, increasing both the maintenance and
environmental costs of these CPS and limiting their advance-
ment. In addition, the devices need to be scalable in order
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to meet the demand and accuracy of the specific application
of these wireless CPS. Given these criteria, a highly favor-
able form of wireless communication is backscatter through
utilizing either radio frequency identification (RFID) or mil-
limeter identification (mmID). These devices do not need
to generate their own wireless signal as they encode their
sensing information on the interrogating signal and reflect
this back to a reader to be processed in the CPS. This form
of wireless communication is extremely energy efficient as
it eliminates the need for power-hungry components such
as a local oscillator (LO) or power amplifier to communi-
cate back to the reader. In addition, due to their minimalist
designs, these wireless devices become highly scalable as
well. Thus, RFIDs and mmIDs provide an excellent choice
to meet the demand of the next-generation wireless CPS.
These RFID/mmIDs feature different architectures, namely
semi-passive, chipless, and harmonic with each having its
own benefits and tradeoffs in cost, encoding information,
and operational range. Semi-passive tags provide the longest
reading range and can encode the most information back to the
reader, however, they are the most expensive to manufacture
and require some form of external power supply either from
the environment or from the reader [1], [2], [3], [4]. If a
semi-passive tag operates through harvesting the transmitting
signal their reading range is limited by the reader to mmID
link budget. Otherwise, the semi-passive tags are limited in
applications where there is environmental energy that can be
harvested. Chipless implementations offer the cheapest option
and require no external power source, but are limited in
reading range due to the static clutter of the environment and
the phase-noise of the reader [5], [6], [7]. Harmonic mmIDs
provide a highly affordable and fully-passive solution while
maintaining sufficient encoding complexity for sensing and
tracking applications [8], [9], [10], [11], [12], [13]. These
harmonic-based mmIDs rely on receiving a reader signal
operating at fo and backscattering an integer multiple signal
operating at n fo back to the reader which has a receiving
channel at n fo. Due to the harmonic nature of the interro-
gation, the static clutter in the environment and phase noise
which typically masks chipless RFID/mmIDs response are
removed, leaving only the harmonic mmID in the receive band.
Thus, enabling ultralong range detectability of these harmonic
mmIDs. Typically, these harmonic RFID/mmIDs operate in
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Fig. 1. Schematic of the proposed harmonic FMCW radar dual Rotman
lens-based mmID high-fidelity ranging system.

the ultrahigh-frequency (UHF) or sub-6 GHz bands. From
a localization perspective, these lower frequency harmonic
tags suffer from a lower bandwidth resource resulting in a
lower fidelity ranging on the order of centimeters as well as
lower reading distances due to the lower equivalent isotropic
radiated power (EIRP). This is crucial for fully-passive har-
monic mmIDs as the efficiency of harmonic generation is
proportional to the power received at the mmID and therefore,
proportional to the transmitting power of the reader. Thus,
by shifting up to 5G/mm-Wave operation of the harmonic
mmID, one gains additional bandwidth and higher EIRP both
regulated by the Federal Communications Commission (FCC)
and can achieve both high fidelity localization and long reading
ranges. This high-fidelity localization is another important
metric for CPS as this allows for the complete and accurate
mapping of a physical system to a cyberphysical model that
can be utilized for smart city and smart home applications.
In [14], Hansen et al. demonstrate some capabilities of this
interrogation scheme with a 60/121 GHz harmonic frequency
modulated continuous wave (FMCW) ranging system. How-
ever, the harmonic tag utilized was an active harmonic tag
requiring a power source at the mmID. In addition, the mmID
was not retro-directive and therefore is limited in the maximum
reading range of 23 m directly at boresight to the mmID.
In [15], Lynch et al. presented a retro-directive dual Rotman
lens-based harmonic mmID enabling fully-passive long-range
interrogation up to 65 m. In this effort, the authors expand on
this work through a complete characterization of this proposed
mmID and additionally highlight the high-fidelity ranging
capabilities enabled through FMCW radar interrogation and
5G/mm-Wave operation of the device for localized sensing
applications in next-generation CPSs. A schematic of this
highly accurate localization system is displayed in Fig. 1. The
remainder of this article is structured as follows. Section II
describes the components of the fully-passive dual Rotman
lens-based harmonic mmID. Having characterized the dual
Rotman lens-based harmonic mmID, Section III describes the
theoretical analysis of the full link budget model for harmonic
FMCW radar interrogation. Section IV presents a proof-of-
concept (PoC) 14/28 GHz harmonic FMCW radar assem-
bled using off-the-shelf components with an evaluation of
both accurate long-range localization and high-fidelity sub-cm
microlocalization at 10 m. Finally, Section V concludes with
highlights of the presented high-fidelity ranging system while

proposing a framework for multitag and localized sensing
applications in next-generation CPSs.

II. 5G/MM-WAVE DUAL ROTMAN LENS-BASED

HARMONIC MMID

The dual Rotman lens-based harmonic mmID is made up
of two sub-components namely, two harmonic Rotman lenses
with their associated eight 5 × 1 series-fed patch antenna
arrays operating at fo, the transmitting frequency of the
reader, and 2 ∗ fo, the receiving frequency of the reader,
and a miniaturized frequency doubler circuit to generate the
harmonic backscattered signal. The architecture for the dual
Rotman lens consisted of six beam ports and eight array ports
which provides the best tradeoff between angular coverage and
array factor gain from the lens, enabling a maximum angular
coverage of ±60◦ [16]. By combining the passive beam
forming network (BFN) and doubler circuits, the fully-passive
mmID enables ultralong-range, wide angular coverage as well
as microlocalization of the mmID for 5G-enabled smart city
and structural health monitoring CPSs.

A. Evaluation of Dual Rotman Lens-Based Arrays

In order to overcome the high gain, the angular tradeoff in
antenna design, two passive BFNs operating at fo and 2 fo,
respectively, were designed, fabricated on 0.168 mm thick
Rogers 4350 B substrate (εr = 3.55, tan δ = 0.027), and are
displayed with dimensions in Fig. 2. The radiation properties
of the lens-based array at each beam port were characterized
by individually exciting each beam port with all other ports
terminated with a 50 � load to ensure proper operation of the
lens. The 14 GHz Rotman lens array was interrogated with a
12 dBi broadband horn antenna and the 28 GHz Rotman lens
array was interrogated with a 18 dBi broadband horn antenna.
Each Rotman lens-based array was measured at 1 m inside an
anechoic environment and rotated ±90◦ in precise steps of 2.5◦
with the angle-dependent gain results of the 14 and 28 GHz
Rotman lens arrays displayed in Figs. 3 and 4, respectively.

The peak gain of the 14 and 28 GHz design are 17 and
15 dBi, respectively. In addition, the results display good
angular alignment with each corresponding beam port of the
two Rotman lens-based arrays being within 2.5◦ of each other
for maximum gain on the received 14 GHz signal and retrans-
mission of the 28 GHz signal back to the harmonic radar.
The two designs provide a 3 dB beamwdith of ±50◦. Thus,
by combining the two harmonic Rotman lens-based arrays,
the desired retro-directive behavior is achieved and provides a
wide-angular coverage while maintaining high gain for proper
backscattering to the harmonic FMCW radar enabling both
long-range and high-fidelity ranging.

B. Fully-Passive Miniaturized Frequency Doubler

As previously characterized in [15], a miniaturized fre-
quency doubler operating at the frequencies of the harmonic
Rotman lenses and designed on the same Rogers 4350 B
substrate was chosen for the generation of the harmonic
backscattered response of the mmID back to the reader.
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Fig. 2. (a) Fabricated 14 GHz Rotman lens-based array for characterization
with 15 × 10 cm2 footprint. (b) Fabricated 28 GHz Rotman lens-based array
with 7 × 7 cm2 footprint.

The fully-passive frequency doubler circuit is comprised of
the SMS201, flip-chip, Schottky diode from Macom, due to
its high sensitivity resulting in better conversion loss (CL),
or more efficient passive harmonic generation. The matching
network consists of a single parallel radial stub, and a parallel
open circuit radial stub operating at fo at the input to the
diode, to ensure maximum input power into the diode, and
finally a short circuit parallel stub operating at fo to block
the fundamental frequency component from the output that
could significantly degrade the CL. A surface mount 100 nF
capacitor is placed at the output of the frequency doubler
to ensure that each diode is not connected in parallel at
DC. The 10 dB bandwidth of operation of the fully passive
frequency doubler was measured to be 250 MHz centered at
13.94 GHz. The CL of the fully passive frequency doubler was
characterized and the schematic with dimensions, simulation
and measured results, and an 8th-order polynomial fit of the
CL are displayed in Fig. 5. As the results display, the CL of

Fig. 3. Measured angle-dependent gain at 14 GHz for the dual Rotman lens
PoC prototype.

Fig. 4. Measured angle-dependent gain at 28 GHz for the dual Rotman lens
PoC prototype.

Fig. 5. Simulated, measured, and 8th order polynomial fit CL along with
the circuit layout of the 14/28 GHz frequency doubler with R1 = 3.55 mm,
R2 = 6.55 mm, and R3 = 2.18 mm and all radial stubs having an angle of
60◦.

the doubler circuit is adequate for harmonic generation for low
input power levels as low as −42.5 dBm, all while requiring no
external bias, enabling fully-passive operation at long ranges
of the dual Rotman lens-based harmonic mmID.
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TABLE I

COMPARISON OF HARMONIC RFID/mmID SYSTEMS WHERE ∗ AND ∗∗
DENOTE EIRP’S OF 48 dBm AND 75 dBm, RESPECTIVELY

C. Angular Harmonic Radar Cross Section (RCS) of
Harmonic Rotman Lens-Based mmID

Having characterized both the angular coverage of each Rot-
man lens-based array and the performance of the fully-passive
miniaturized frequency doubler, the harmonic RCS over the
±90◦ was calculated using the equation

σRCS2 f0
= G f0 G2 f0λ

2
2 f0

CE@5 m

4π
(1)

where G f0 , G2 f0 , λ2 f0 , and CE@5 m are the gain of the 14 GHz
Rotman lens-based array in dBi, the gain of the 28 GHz Rot-
man lens-based array in dBi, the wavelength at the harmonic
frequency in meters, and the conversion efficiency which is
1 − CL@5m of the fully-passive doubler at the power level
at 5 m from the radar. Using this estimated harmonic RCS
versus incidence angle, the mmID presents a peak harmonic
RCS of −35.8 dBsm with a 10 dB beamwidth of ±50◦ and
is dislayed in Fig. 6. Thus, highlighting the high detectability
over a large angular range of the dual Rotman Lens-based
harmonic mmID even in scenarios when the harmonic radar
is at an angle of 50◦ relative to the mmID. In addition, the
null at 0◦ is due to the even number of beam ports on the
Rotman lens and can be covered by adding another beam port
to the Rotman lens design with the tradeoff being a sacrifice
in angular coverage of the harmonic RCS. When compared to
other harmonic mmIDs in Table I, the proposed retro-directive
harmonic mmID displays a harmonic RCS improvement in
excess of 15 dB to other passive harmonic mmIDs and a
5 dB improvement compared to that of an active mmID
with a total power consumption of 132 mW. This highlights
the superiority of the dual Rotman lens architecture despite
requiring no external power source for operation. If the other
proposed works were to scale their system in size to increase
their detectability—and thus their RCS—the angular coverage
would be sacrificed, a problem that was fully overcome in our
solution using the dual harmonic Rotman lens. Thus, the pro-
posed fully-passive dual Rotman lens-based harmonic mmID
provides a highly detectable response while maintaining a
wide angular coverage, thereby improving the robustness of
the proposed harmonic FMCW radar mmID ranging system
in long-range scenarios.

III. LINK BUDGET ANALYSIS OF HARMONIC FMCW
RADAR INTERROGATION

Having characterized the 5G/mm-Wave dual Rotman
lens-based harmonic mmID in Section II, now a detailed link

Fig. 6. Estimated angle-dependent harmonic σRCS2 f0
at 5 m from individual

fabricated Rotman lens-based arrays gains and CL of doubler with a power
level at 5 m.

budget analysis of the device with an ideal reader will be
discussed. Four scenarios were considered for analysis. The
first two scenarios are with the proposed PoC harmonic radar
described in Section IV with an EIRP of 48 dBm with the dual
Rotman lens-based harmonic mmID angled at 10◦ and at 50◦
highlighting current long-range operation and wide angular
coverage of the dual Rotman lens-based architecture. After
the same scenario, but with the maximum allowed EIRP of
75 dBm in 5G/mm-Wave bands to demonstrate the benefits to
a reading range of harmonic ranging systems. Two propagation
paths were considered for this link budget analysis, namely the
interrogator to harmonic mmID operating at fo and the return
path operating at in this case the 2 fo. The power received at
the harmonic mmID in dB-scale is described by

PRx,tag = PTx + GTx + G fo + 10n fo log10

(
λ fo

4π R

)
(2)

where PRx,tag, PTx, GTx, G fo , n fo , λ fo , and R are the power
received at the input of the doubler in dBm, the transmit-
ting power of the FMCW radar in dBm, the gain of the
transmitting antenna of the radar in dBi, the gain of the
mmID fundamental (14 GHz) antenna in dBi, the path loss
exponent of the environment at the fundamental frequency of
interrogation, the wavelength of the fundamental frequency
in meters, and the distance of the mmID from the radar
in meters, respectively. Based on the characterization of the
fully-passive frequency doubler circuit in Section II-B, the
lowest input power that generated a harmonic 28 GHz signal
is −42.5 dBm and limiting the maximum operating range of
the proposed system by this threshold level. Thus using (2),
the received power at the input to the fully passive doubler
for all four scenarios is calculated and is displayed in Fig. 7.
The plot presents that the harmonic mmID is able to generate
the 28 GHz chirp back to the radar up to a range of over
300 and 250 m at the optimal 10◦ and 50◦ angle of incidence,
respectively. When interrogating with the maximum allowed
EIRP of 75 dBm, the harmonic mmID is able to generate the
harmonic chirp signal over 10 km away from the harmonic
FMCW radar despite an angle of incidence on the mmID
of 50◦. Therefore, the dual Rotman lens-based architecture
supports harmonic generation at ultralong ranges from the
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Fig. 7. Received power at the harmonic mmID versus range from the
fully-passive dual Rotman lens-based mmID @ angles of incidence of 10◦
and 50◦ with n fo = n2 fo = 2.

radar while maintaining wide-angular coverage. After the
calculation of the received power at the input of the doubler
circuit of the fully-passive harmonic mmID, the incoming
FMCW chirp signal is doubled in frequency and retransmitted
to the radar. The received power backscattered by the harmonic
mmID in dB-scale is described by

PRx,Reader = GRx + CE
(
PRx,tag

)
+ G2 fo + 10n2 fo log10

(
λ2 fo

4π R

)
(3)

where PRx,Reader, GRx, C E(PRx,tag), G2 fo , n2 fo , λ2 fo , are the
power received at the reader in dBm, the gain of the receiving
antenna of the radar in dBi, conversion efficiency which is
a function of the power received by the harmonic mmID in
dB, the gain of the mmID harmonic (28 GHz) antenna in dBi,
the path loss exponent of the environment at the harmonic
frequency, and the wavelength of the harmonic frequency in
meters, respectively. The conversion efficiency term for the
theoretical link budget analysis is calculated from the negated
8th order polynomial fit of CL of the fully-passive frequency
doubler circuit in Section II-B. To estimate the sensitivity level
of an ideal reader, chirp periodicity, low-noise amplifier (LNA)
gain, and noise figure of the first element was assumed to be
200 kHz, 84.5 ms, 43 dB, and 4 dB corresponding to the
proposed PoC harmonic FMCW radar detailed in Section IV.
By assuming that the system samples every chirp, the effective
sampling rate is then 11.7 Hz and the sensitivity of the reader
in dB-scale is described by

SRx = −174 + GLNA + NF + 10 log10

(
FSamp

)
(4)

where GLNA, NF, and FSamp are the gain of the LNA in dBm,
noise figure of the LNA in dBm, and effective sample rate
in Hz. Thus resulting in a sensitivity of −116.3 dBm. Using
(2)–(4), an estimation of the maximum reading range of the
PoC harmonic FMCW radar system was calculated with the
current EIRP of 48 dBm and the maximum allowable EIRP
of 75 dBm in 5G/mm-Waveband. Furthermore, through using
the characterized gain of each Rotman lens-based array in
Section II-A, the maximum range of the current PoC system
and the same system with 75 dBm with the harmonic mmID at

Fig. 8. Received power at the harmonic radar versus range from the
fully-passive dual Rotman lens-based mmID @ angles of incidence of 10◦
and 50◦ relative to the PoC harmonic radar with n fo = n2 fo = 2.

an angle of 50◦ relative to the harmonic radar was calculated
to give the theoretical minimum reading range within the
operational beamwidth of the Rotman lens in Fig. 8. The
model displays that the current PoC maximum reading range
is approximately 150 and 100 m with the angles of incidences
impinging on the harmonic mmID of 10◦ and 50◦, respectively.
However, by utilizing an allowed EIRP of 75 dBm, the
reading range can be extended to over 8 km at an angle
of incidence of 10◦, an order of magnitude higher than the
system proposed in [13]. Further highlighting the long-reading
range enabled through the 5G/mm-Wave frequency bands
and the superiority of the dual Rotman lens architecture
proposed. Even when interrogated at an angle of incidence
of 50◦ relative to the mmID, the minimum reading range is
calculated to be over 5 km, enabling long-range detectability
over a wide angular coverage. This is due to the fact that the
sensitivity level is only constrained by the thermal noise and
not the self-interference of the transmitting signal or masked
by larger scatterers in the radar’s field-of-view (Fov) seen in
the typical co-polarized FMCW radar receivers. Thus, through
utilizing the proposed retro-directive mmID in combination
with the harmonic FMCW radar, fully-passive, ultralong range
detectability and high fidelity ranging is enabled for next-
generation CPS.

IV. POC 14/28 GHZ HARMONIC FMCW RADAR

INTERROGATION

A PoC FMCW radar was assembled to evaluate both
the long-range and microlocalization capabilities of the dual
Rotman lens-based harmonic mmID. The assembled harmonic
FMCW radar can be broken up into the transmitter and
receiver chains and a schematic of the assembled harmonic
FMCW radar is shown in Fig. 9 with each component of
the radar labeled. The transmitter chain of the FMCW radar
consists of a 836640L signal generator which produces the
FMCW signal which can be expressed in the time domain as

sTx(t) = A cos

(
2π

(
fct + B

Tc
t2

)
+ φo

)
(5)

where A, fc, B , Tc, and φo are the amplitude in V, the carrier
frequency of the transmitted signal in Hz, the bandwidth of the
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Fig. 9. Block diagram of transmitter and receiver chains of the PoC harmonic
FMCW.

FMCW chirp signal in Hz, the chirp periodicity in s, and the
initial phase of transmitted waveform in radians, respectively.
This signal then passes to a ZC2PD02263-S+ power divider to
split the FMCW signal into the transmitting or receiving chain.
For the remainder of the transmitting chain, this power-divided
FMCW signal passes to a 30 dBm power amplifier to amplify
the transmitting signal for long-range interrogation. The signal
then passes through an FLP1800 low-pass filter to filter out
any harmonics generated by the power amplifier. Afterward,
the 14 GHz FMCW signal is transmitted by a 25 dBi standard
gain horn antenna to the mmID in the Fov of the radar. The
transmitted signal then travels to the fully-passive harmonic
mmID where a 28 GHz FMCW signal is generated and
focalized back to the PoC harmonic FMCW radar. The mmID
signal is then received by a 18 dBi horn antenna in the
form of a delayed and frequency-doubled FMCW signal.
The signal then passes through a FH1800 high-pass filter to
filter out any coupled fundamental frequency signal from the
transmitting antenna, and is amplified by a RLNA26G40GB
43 dB LNA to limit the noise floor (NF) of the receiver.
Afterward, the signal passes a LNA-40-1800-4000 and an
ALN3325-41-2235 to increase the swing of the received signal
and is down-mixed with an ADC2640-1 mixer to produce the
baseband intermediate frequency (IF) signal. The LO of the
mixer consists of the second part of the power-divided FMCW
signal from the signal generator which has passed through a
HMC578LC3B a wideband frequency doubler to frequency
double the transmitting FMCW radar signal. The output of
the mixer passes through a baseband lowpass filter to isolate
the range spectrum from any high-frequency components that
are produced by the mixer. Due to the nature of FMCW
waveform, mixing the backscattered doubled and delayed
version of the transmitted signal with the frequency-doubled
transmitted signal leads to a single frequency tone whose
frequency is linearly proportional to two times the round-trip
delay time. This resulting time-domain signal is then passed
to an oscilloscope for sampling and the IF signal over a single
chirp period is expressed by

sRx(t) = α cos

(
2π

(
2

B

Tc

(
2R

c

)
t

)
+ φN

)
(6)

where α is the amplitude of the mmID response in V, R is
the range of the mmID in meters, c is the speed of light,
and φN is the phase due to the two-way propagation at the
lowest frequency of the FMCW slope. The chirp parameters
of the PoC 14/28 GHz harmonic radar are displayed in
Table II. These parameters dictate the limitations of the

TABLE II

CHIRP PARAMETERS PoC HARMONIC RADAR

Fig. 10. Harmonic FMCW radar interrogation of the dual Rotman lens-based
mmID at 46 m.

harmonic FMCW radar with the main considerations being
the maximum range which is limited by the IF sampling rate
and the range resolution which is governed by the bandwidth
of the chirp signal. The received IF signal was then sampled
on an oscilloscope and was post-processed in MATLAB for
either long-range or micolocalization ranging.

A. Evaluation of Long Ranging Capabilities of System

To evaluate the long-range capabilities of the proposed sys-
tem, the dual Rotman lens-based harmonic mmID was directly
aligned with the reader with the mmID itself angled approxi-
mately 10◦ from boresight to provide the maximum harmonic
RCS. The harmonic mmID was then ranged from 4 to 46 m
in steps of approximately 2 m with the PoC harmonic radar
and mmID at a maximum range of 46 m as shown in Fig. 10.
Based on the sweeping bandwidth of the harmonic frequency
being 1 GHz, the range resolution of the harmonic FMCW
radar is 15 cm. At each range, 100 received IF signals were
recorded on the oscilloscope and a fast Fourier transform
(FFT) of each received IF signal with an FFT length of
217 was applied. Because the mmID is static, a single-range
observation was obtained through a spectral average of five
range-FFTs. Therefore, from the recorded 100 range-FFTs,
the averaging process resulted in 20 total ranging observations
of the harmonic mmID at each step. An example of the
one averaged range-FFTs with the dual Rotman lens-based
harmonic mmID placed 4 m from the PoC FMCW radar is
displayed in Fig. 11. In addition to the range measurements,
an environmental measurement to determine the noise profile
in the PoC harmonic FMCW radar was taken and a moving
average was applied to generate an adaptive threshold over
range. Then a subtraction of this adaptive threshold level
was applied to the averaged range-FFTs and a simple peak
find algorithm was used to finally obtain the frequency-based
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Fig. 11. Measured range-FFT spectrum when the harmonic mmID is placed
at 4 m from the PoC harmonic FMCW radar.

Fig. 12. Measured average ranging error of proposed fully-passive dual
Rotman lens-based harmonic mmID.

ranging of the fully-passive harmonic mmID. The ranging
error versus the true range is displayed in Fig. 12. With a
maximum bounded average error of 17 cm which is within
2 cm of the theoretical range resolution limit of the system, the
PoC harmonic FMCW mmID reader displays highly accurate
ranging even at long ranges without the need to power
the mmID. In addition to the ranging of the fully-passive
harmonic mmID, the received power was recorded at each
range step and is displayed in Fig. 13. The plot displays
good agreement between the theoretical link budget model
presented in Section III with some fluctuations with the
received power due to the fading in the hallway environment.
Thus, the results highlight the long-range detectability of dual
Rotman lens-based harmonic mmID while maintaining low
average ranging error even at long ranges. Thus, featuring
a very good agreement between the measured and modeled
received power level as well as a 17 cm ranging accuracy,
high accurate ranging at reading ranges of in excess of 8 km
utilizing an EIRP of 75 dBm, as mentioned in Section III,
is envisioned with the fully-passive dual Rotman lens-based
harmonic mmID.

B. Evaluation of Microlocalization of mmID

An evaluation of the microlocalization capabilities of the
proposed system was conducted by utilizing the highly

Fig. 13. Measured and theoretical received power of the PoC harmonic
FMCW radar versus range of the dual Rotman lens-based harmonic mmID.

Fig. 14. Measured phase-based average ranging error of harmonic FMCW
radar dual Rotman lens-based system.

sensitive phase information of the IF signal. While phase-
based ranging is highly sensitive and can provide fine-scale
localization, due to the phase ambiguity every 2π , the ranging
information becomes ambiguous without a proper reference
to track this phase wrapping. This can be done by utilizing
a phase tracking algorithm to resolve these ambiguities and
maintain precise ranging information of the desired target. The
phase information due to two-way propagation of a harmonic
FMCW signal is defined by

φN = 2π(1 + N)R

λ f0

(7)

where φN , R, N , λ f0 are the phase of the nth harmonic in
radians, range of the target in meters, the harmonic multiple,
in this case, N = 2, and the wavelength of the fundamental
frequency, respectively. Due to the mm-Wave operation of
the received signal, the wavelength is on the order of cm
enabling microlocalization with phased-based ranging. This
phase-based ranging was evaluated with the dual Rotman
lens-based mmID at 10 nm away from the PoC FMCW
radar and the mmID was then precisely stepped on a track
from 0 to 5 mm in steps of 1 mm. For the phase estimation,
a similar 100 observations of the static harmonic mmID were

Authorized licensed use limited to: University of Michigan Library. Downloaded on August 27,2023 at 00:38:21 UTC from IEEE Xplore.  Restrictions apply. 



LYNCH et al.: 5G/mm-WAVE FULLY-PASSIVE DUAL ROTMAN LENS-BASED HARMONIC mmID 337

recorded on the oscilloscope. Afterward a range-FFT was
taken over each IF signal with an FFT of length 219. The
target was detected through the same peak detection over
the 100 observations and the phase of the detected peak
was recorded. By using the (7) and tracking the change in
phase at each step from the initial position, the estimated
range of the harmonic mmID was calculated. From these
100 phase-based ranging estimates, an average error from the
true displacement was calculated with the results displayed in
Fig. 14. The proposed system displayed a bounded average
error of 0.41 mm highlighting the system’s micro-localization
accuracy at stand-off ranges. Thus, the proposed dual Rotman
lens-based harmonic mmID presents a unique opportunity for
highly accurate microlocalization of wireless sensing applica-
tions in next-generation CPSs.

V. CONCLUSION

In conclusion, the author presented a 5G/mm-Wave enabled
harmonic FMCW radar fully-passive dual Rotman lens-based
ranging system. Thorough characterization of the dual Rotman
lens-based harmonic mmID was presented and the proposed
retro-directive mmID displayed a peak harmonic RCS of
−35.8 dBsm with 10 dB beamwidth of ±50◦. Thus the har-
monic mmID presents a high-detectability while maintaining
good angular coverage providing for a more robust and ultra-
long reading range of the mmID without requiring external
power. The dual Rotman lens-based topology maintains supe-
riority in terms of reading range and harmonic RCS even when
compared against an active mmID. Using this characterization,
a theoretical link budget of the harmonic mmID was presented
and with an EIRP of 75 dBm, the model estimates reading
ranges in excess of 8 km. The ranging system was evaluated
for both ranging accuracy at long ranges with the harmonic
mmID ranging system having a maximum average ranging
error of 17 cm up to 46 m from the PoC radar. Furthermore,
microlocalization of the system was evaluated and presented a
maximum average error of 0.4 mm at 10 m from the PoC radar
highlighting the system’s high fidelity localization capabilities.
While the current size of the harmonic mmID is relatively large
in size, through utilizing the same dual Rotman lens-based
topology and scaling the fundamental frequency up to 29 GHz,
a size reduction of approximately 50%. Furthermore, multitag
interrogation is supported through frequency division mul-
tiplexing of the harmonic mmID which is enabled due to
the wide bandwidths at 5G/mm-Wave frequencies. Thereby,
the proposed system presents an architecture for fully-passive
interrogation at ultralong and with highly accurate localization
capabilities for future cyberphyscial systems.
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