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Abstract

Passive millimeter-wave imaging systems (PMWIS) are employed for detecting concealed
objects by mapping millimeter waves emitted from materials or living tissues. The emitted
waves are measured by a receiver or radiometers without employing external wave sources.
In this paper, a new super-heterodyne receiver front-end of a PMWIS at 35 GHz with an
even order band pass filter is simulated and implemented. The receiver has a suitable tem-
perature resolution for the use of hidden object imaging, is integrated and lightweight
assembled on one-layer board. It has a bandwidth of 1.5 GHz, a noise figure (NF) of 2.2,
and a temperature resolution of 0.126 K. The even order filter is implemented based on the
substrate-integrated waveguide (SIW) technology, with Chebyshev response. The filters are
designed at the central frequency of 35 GHz with the bandwidth of 1.5 GHz and one of
them has controllable transmission zeroes. The filters are made by printed circuit board tech-
nology, employing SIW as resonators, having a high-quality factor of 23.33. Additionally, a
triple-stage radio frequency (RF) low noise amplifier has been implemented having the spe-
cification of: RF 34.25-35.75 GHz; bandwidth 1.5 GHz; gain >60 dB; NF <2.3 dB, which are
better indexes compared to some other works.

Introduction

Passive millimeter-wave imaging systems (PMWIS) are of interest in medical diagnostics and
security. In this context, passive means not deploying radiated waves on objects, while using
the intrinsic millimeter-wave emissions from objects to reconstruct images [1]. In addition to
reducing the risks of radiation on the body and objects, the un-traceability of the system is an
advantage of the PMWIS for security applications. In some frequency bands, i.e. 35, 94, and
140 GHz, the attenuation rate of atmospheric absorption is lower than the nearby frequencies
in the presence of air floating particles such as dust, smoke, and thick fog. Therefore, passive
millimeter-wave receivers are a good candidate for various applications such as navigation [2].
Millimeter waves pass through the garment with low attenuation, so it is suitable to be
employed in security [3] and medical imaging systems [4]. A millimeter wave’s receiver (radi-
ometer) detects noise-like emitted power received from an object taking into account the
noise-equivalent temperature of the receiver. The output voltage of the radiometer is propor-
tional to the noise power received from the objects’ area. Typically, radiometers are designed
with two types of structures for detection: direct detectors [5-7] and detectors with frequency
converting (super-heterodyne) [8-10]. In direct detector systems, the radio frequency (RF) sig-
nal received from the antenna is transmitted directly to the detector diode after amplification
by a low noise amplifier (LNA), employing a filter operating in the desired bandwidth and
detector diodes with high response and low noise. Super-heterodyne detection has benefits
in terms of design and manufacturing complexity as well as implementation costs. Figure 1
shows a block diagram of a heterodyne radiometer. The RF signal is received by the antenna,
amplified by an LNA, then the frequency is converted to an intermediate frequency (IF), set by
the local oscillator (LO) frequency. Different types of receivers can be designed for different
applications, depending on the choice of LO frequency and IF bandwidth.

In this research, a 35 GHz super-heterodyne PMWIS is simulated and implemented. This
paper describes two sections of the PMWIS; the design and fabrication of the super-heterodyne
receiver structure and the RF filter. The ADS software is used to perform simulations and the ana-
lysis of the super-heterodyne receiver. Also, the HFSS software is employed to design the RF filter.

PMWIS specification

As shown in Fig. 1, the PMWIS super-heterodyne receiver includes an antenna, an LNA, an
RF amplifier, an RF filter to reject out-band harmonics, a mixer with LO, an IF filter, an IF
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Figure 1. Configuration of a PMWIS super-heterodyne receiver [11].
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Figure 2. (a) Impedance matching circuit designed for the detector diode. (b) s;; diagram for a wide band. (c) s;; diagram for a narrow band.

amplifier, a detector diode, and an integrator. The output signal is
sent to a video amplifier, an analog to digital converter, and to the
computer to create an image [11].

The power received by the antenna is P, = kAfT,, where Af(Hz)
is the bandwidth (equal to the IF bandwidth), T,(k) is the antenna
temperature, and K is the Boltzmann constant (1.38 x 10> J/K).
This is considered as the signal at the receiver input. The receiver
equivalent noise power at the receiver input is P, = kAfI,, where
T,(k) is the receiver noise temperature (due to the thermal noise
in the receiver components). In this case, the detector gives an ana-
log output voltage proportional to the received noise power, which
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can be calculated by equation (1) [12].
Vout = GKAf(Tr + Ta) + Voffset (1)

where, Ve (V) is the detector offset voltage and G is the receiver
gain. To reduce the system noise, the RF amplifier should have low
noise and high gain for the detection of very small wave powers.
The temperature resolution is defined as the lowest temperature dif-
ference which can be detected by the system or the temperature
sensitivity of the system is obtained by equation (2) [13].
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Figure 3. Detector output voltage and measured diagram in terms of input power.

AT =(T.+T)) )

where, AG/G is the receiver gain fluctuations and (s) is the inte-
gration time of the low-pass filter after the detector. In order to
improve the temperature resolution, the temperature equivalent
to the system noise must be reduced and its integration time and
bandwidth must be increased. It should be noted that a large
increase in integration time will increase the imaging time but
also increases the gain fluctuations. In the PMWIS, Af is the IF
bandwidth which in this receiver is 1.5 GHz. An acceptable thresh-
old for AT is 0.5 K in most passive imaging systems [6, 14].
Therefore, using equation (2) and considering 10 ms for the
integration time and ignoring the small gain fluctuations, the
temperature resolution of 0.126 K is obtained. In the process of
designing the PMWIS, the total gains of the RF and IF amplifiers
and the responsivity of the diode should be considered to provide a
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Figure 5. Received power to the diode for the temperature of 313 K.

suitable input power level required for detection. According to
Rayleigh-Jeans law, the power level of the received signal for the
bandwidth of 1.5 GHz at brightness temperature (Tj) of 273 k is
—82.47 dBm, which is very small. Therefore, the RF amplifier
must have high gain and low noise characteristics to provide the
power level required for the diode detector.

Also, the loss in the IF amplifier, the mixer attenuators, and
the filters must be considered. Since the central frequency is 35
GHz, a mixer with LO of 33.5 GHz is used to convert the signal
to the IF of 1.5 GHz. Thus, the diode must have an appropriate
sensitivity at the frequency of 1.5 GHz, so an RF power detector
with a 60 dB dynamic range is employed (LT5534 (https:/www.
analog.com/media/en/technical-documentation/data-sheets/5534fc.
pdf)). It operates in the range of 50 MHz to 3 GHz. Designing an
input impedance matching network for the diode is challenging,
the wider bandwidth the lower the detector sensitivity. Figure 2
(a) shows the matching circuit for the detector diode. Figures 2
(b) and 2(c) illustrate the S;; diagram representing the input
impedance matching in both narrowband and wideband modes.
Figure 3 indicates the output voltage (volts) of the detector versus
the input power in both narrowband and wideband modes. As
can be seen in Fig. 3, a suitable sensitivity for the imaging appli-
cation has been obtained. Therefore, the components of the
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Figure 4. Super-heterodyne receiver.
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Figure 6. The output voltage of the system for a temperature of 313 K.

receiver, operating before the detector, must be designed in such a
way that the necessary power is obtained.

Typically, commercial RF LNA components have a noise fig-
ure (NF) of 2.2dB and a gain of 16dB at 35 GHz. Therefore,
two RF amplifiers are needed to provide the total gain of 32 dB.
Additionally, two IF amplifiers with a total gain of 40 dB are uti-
lized. The super-heterodyne receiver is simulated and shown in
Fig. 4 and the received power that reached the detector is plotted
in Fig. 5.

In the simulation, the attenuations of the mixer and the filter
are considered. After the detector, an integrator (low-pass ampli-
fier) is employed to eliminate high frequencies and smooth the
output having 100 Hz bandwidth. In the image, the voltage differ-
ence between the pixels is equivalent to the temperature difference

Hamideh Khosousi Sani et al.

between the regions. The output voltage is plotted in Fig. 6 for a
temperature of 313 K. The output voltage is equivalent to the
object temperature and includes some ripples in the time duration
of the measurement (scanning the object).

The amplitude of these ripples depends on the bandwidth of
the low-pass filter. To eliminate the ripples, it is necessary to cal-
culate the mean of the voltage in the interval 7(s) for each pixel
(scanned region) and map the voltage difference of regions in
the scanned object as an image.

Filter design method

Microwave components in communication systems are required
to be compact, and show high performance. To implement
Ka-band filters with low insertion loss, low cost, and high
power capacity, the substrate-integrated waveguide (SIW) [15]
can entirely meet the above requirements, besides, the SIW circuit
is fabricated by standard printed circuit board (PCB) process,
which is very low weight and easy to integrate with planar circuits.
Therefore, SIW technology is employed for designing the
millimeter-wave filters of the PMWIS, resonator antenna [16],
slot antenna for terahertz application [17], etc. As shown in
Fig. 7, the waveguide structure can be made by a pair of arrays
of metal short circuit rods that act as fences to trap the electro-
magnetic wave inside. The SIW structure only supports the propa-
gation of TE, 4 electric transverse modes, similar to the TE,; mode
in rectangular waveguides. The lack of TM modes is useful for the
design of the band-pass filter because it can eliminate some
unwanted out-of-band harmonics.

Figure 7. SIW structure and equivalent waveguide.

K23

(a)

(b)

Figure 8. (a) Direct coupling and (b) quadruple structure filter with negative couplings (solid line: positive coupling, dashed line: negative coupling).
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Table 1. The filters dimensions

Figure 9. Designed filter structure.

Dimension Dimension Dimension Dimension
(mm) (mm) (mm) (mm)
Cascaded Quadruple Dimension (mm) Cascaded Quadruple Dimension (mm)
filter with filter with Quadruple filter filter with filter with Quadruple filter
direct direct with direct direct with
Parameter coupling coupling cross-coupling Parameter coupling coupling cross-coupling
w 7.4 10.36 10.36 Lio 0.495 0.28 0.28
L 22.428 17.17 17.17 Wy 4.6575 2.72 2.715
; 6 6 6 Ly 2.649 456 456
g 2.0347 2.0347 2.0347 L, 2.81 3.475 3.535
w; 0.457 0.457 0.457 Wip 1.725 1.82 1.75
GY 1.1176 1.1176 1.1176 Wo3 1.615 1.32 1.37
Cw 2.11074 2.11074 2.11074 w, - - 0.933
L, - - 3.855

The dimensions of an SIW must be determined to propagate a
specific mode. The process of designing and determining SIW
parameters is selecting s from the range of 0.05 < s/A. < 0.25 and
0.5 < d/s < 0.8 and then placing the parameters d and s in equation
(3) and calculating w [18].

w = We + 5(0.766¢" 44824/ — 1.176¢12144/%) 3)

At first, the even order Iris filter [19] with direct coupling as
shown in Fig. 8(a), and SIW resonators are designed and simu-
lated. Then based on direct coupling, one stage quadruple struc-
ture without negative coupling is designed just to obtain a
relatively moderate attenuation slope in the stop band. The third-
type filter is also realized as one stage quadruple structure, by

fri fr2

0.00
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& -20.00 —walicimm
T 3000 === ij s
— Wi = & mm
u?l -40.00- —_ w:: =2.5mm
-50.00 e
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Figure 10. Diagram of extracting the k;, coupling coefficient in terms of w,.
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using a coplanar waveguide (CPW) line; to achieve negative coup-
ling between cavity 1 and 4, it will generate two transmission zer-
oes (TZs) at each side of the pass band (Fig. 8(b)). Filters of
cascaded quadruple structures generate pairs of TZs, the number
of which depends on the order of the cascaded structure [20].
Therefore, adjusting different negative coupling coefficients in
every block can obtain corresponding pairs of TZs in the stop
band. This structure has one negative coupling and three positive
couplings [21], the dotted line in Fig. 8(b) indicates negative
coupling (electric field coupling), and the solid line indicates posi-
tive coupling (magnetic field coupling). Same structure filter with
cross-couplings improves stop band performance with a steeper
attenuation slope. In the negative cross-coupling filter, there exists
one non-adjacent electric field coupling by CPW line and three
adjacent magnetic field coupling by post-wall irises. CPW line
is used to achieve negative coupling to obtain a single pair of
TZs at each side of the pass band. Therefore, two controllable zer-
oes on both sides of the pass band are designed. Finally, a cas-
caded filter with direct coupling is used in the receiver. The
filter is light weight and compatible with PCB manufacturing
technology, due to the fact that they use SIW resonators.

Firstly, considering the insertion loss L,, (dB)=0.1 dB and a
minimum attenuation of stopband L4, (dB) at Q = Qg (Rad/s), the
order of the low-pass Chebyshev prototype filter, with the men-
tioned characteristics, is obtained n =4 from equation (4) [22]:

-1 0.1L45 _ 0.1Lar __
. cosh™'/(10%124 — 1/10%1E4 — 1) @

cosh™1 Q)


https://doi.org/10.1017/S1759078723000405

1488 Hamideh Khosousi Sani et al.
o)
N
o ot
-
@
o
0.09 -
94.00 36.00 38.00 40.00
Freq [GHz]
Figure 11. Simulated changes in external quality factor (Q) in terms of Lj,.
0.00 00— Therease Ly
-10.00 -10.00 |— L, =2.8mm |}
™) =20.00 Increase L, o "20.00 {— L. =2.801m
E -30.00 = -30.001 Ly =2.
~ -40.00 = — L, = 2.803 mm
- ~ -40.00
v -50.00 v 1— L, =2.806 mm
700,00 "34.00 36.00 380 2%%00 3400 36.00 1380
Freq [GHz] Freq [GHz]
(a) (b)
0.00 v Decrease wys o {—\De‘-’"e“se Wiz
_ -10.00 W23 = 1.62 mm|\ -10.00 - |
[~ w3 = 1.63m & 20,00 =He=172tm
E:‘ -20.00 E— i p— [ B, 30,00 ;—wlz =1.738m
&5 -30.00 |—w,; = 1.65mm | = I=ru=kin
Wy = 1.66 mm i = =1740m
-40.00 - 20— [ -50.00 |—wj, = 1.75mm
-50.09, 00 3400 ‘380 500900 7380

36.00
Freq [GHz]
(©)

0 36.00
Freq [GHz]
)

Figure 12. Simulated S-parameter Sy, of cascaded direct coupling filter versus the (a) Ly, (b) Ly, (c) Wz, (d) wyy.

Since the Iris method is used to design the filter, direct coup-
ling relations must be used to calculate the coupling coefficients
and the external quality factor. The fractional bandwidth (FBW)
and the central angular frequency (w,) are calculated by the fol-
lowing relations [23]:

— W

FBW = 2 (5)
Wo
wy = /wiw, (6)

Therefore, the presented external quality factor and the coup-
ling coefficients are [22]:

_ 8o&1
Q. = FBW 7
FB
Ky = W i=12,...,n—-1 €))
V&i8i+1
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where 7 is the filter order and g;s are the values of the low-pass
prototype filter elements. After calculating the coupling coeffi-
cients required for the specified filter specifications, the next
important step is to establish a relationship between each of the
coupling coefficients with the physical structure of the coupled
resonators, to determine the physical dimensions of the filter to
be constructed. In order to calculate the coupling coefficient of
tuned asynchronous resonators (i.e. the resonant frequency of
each resonator is different), regardless of the coupling type, equa-

tion (9) is used [22]:
2
(foz + ) fp2 P1 (foz fm) )
Jou fA+f4 fo + 1o

where fy; (i=1,2) represents the self-resonant frequency of each
resonator without having any coupling with its neighboring coun-
terpart and f,; (i = 1, 2) denotes the two split resonant frequencies
when two resonators are coupled to each other. If a particular
coupling is considered a positive coupling, then a negative coup-

ling refers to a coupling whose phase response is opposite to the
positive coupling phase response. The phase response of a

Jor

k= +-
Jo2

—2
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Figure 13. Final filter output after optimization (a) without connector and (b) with connector.

(a)

(b)

Figure 14. Electric field distribution for the (a) resonant frequency of cascaded filter with direct coupling at 35 GHz and (b) far away from the resonant mode at 33

GHz.

coupling coefficient can be found from the S parameters of the
coupling structure. To obtain the external quality factor of a res-
onator, the resonator can be excited by employing a feed line, so
that there is no aperture as a load in it. The state, which is equiva-
lent to a single-aperture network, is called a singly loaded reson-
ator. In this case, the external quality factor is equal to [24]:

_ wp.Ts,, (Wo)

Q. = : (10)
where w, is the resonant angular frequency and 7g,, (wp) is the
group delay in the resonant frequency. To calculate the group
delay, equation (11) is used, in which £S;; is the phase of ;.

LSy )l 1 a(4LSn)

= (11)
w e 2m o ey

Tsl,(Wo) =

Designing the RF filter for PMWIS at 35 GHz central
frequency

Having the bandwidth of 1.5 GHz and the central frequency of 35
GHz, the lower and upper cut-off frequencies of the BPF became
f1=34.25 GHz and f, =35.75 GHz, respectively. By determining
the characteristics of the desired filter, the values of the elements
of the fourth-degree low-pass prototype filter are calculated. It is
necessary to calculate the external quality factor Q, and the coup-
ling coefficients K. By placing g; and FBW = 0.042867 in equa-
tions (7) and (8), these coefficients will be Q,=24.214, k;,=

https://doi.org/10.1017/51759078723000405 Published online by Cambridge University Press

k34 =0.037 and k,3=0.029. Using the SIW technology on the 8
mil Rogers 4003 substrate, the physical dimensions of the filter
are obtained by simulation and optimization. Firstly, by placing
the substrate specifications in the LineCalc tool of ADS software,
the specifications of the grounded coplanar waveguide (GCPW)
feed line that has an impedance of 50 ohms are determined,
and wi. Cw. Cs.li parameters. Then, using the methodology
described in section “Designing the RF filter for PMWIS at 35
atz central frequency,” the diameter of the vias and their distances
are calculated. The diameter of the short-circuit rods dvia=
0.5 mm and the distance between them is maximally considered
as s = 0.9 mm. However, reducing the distance of the vias reduces
the physical strength of the filter. Figure 9 and Table 1 show the
filter structure and its dimensional parameters.

The next step is to determine the dimensions of the resonators.
The highest filter resonant frequency is 35.75 GHz. By placing the
resonant frequency in equation (12), the dimensions of the wave-
guide resonating at this frequency are obtained wr=21=
4.4575 mm and L= 2.5735 mm. To obtain the equivalent SIW
dimensions, equation (3) should be used, in which case w=
4.82788 mm and L =2.78738 mm are calculated, and after opti-
mization, w; = 4.6575 mm and L; = 2.649 mm [24]:

2 2
f — ; 1 + L
TE101 2 e, ey Ly

The method of obtaining the optimal values:
The resonant dimensions of 1 and 2 are the same as 3 with 4,
respectively, due to the symmetry in this filter. The coupling

12)
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Figure 15. (a) Structure of quadruple filter with direct coupling. (b) Structure of quadruple filter with cross-coupling. (c) Simulation results of quadruple filter with

direct coupling. (d) Simulation results of quadruple filter with cross-coupling.

Figure 16. fabricated cascaded filter with direct coupling and test setup.

coefficients kj,, ky3, and k3, must be calculated in terms of dis-
tances wi,, Wa3, and way, respectively, so ki, =ks, and wy, =
ws4. The coupling coefficients ki, and k,; are sufficient for the
design due to the symmetry structure of the filter. To obtain
ki, the structure of Fig. 10 in HFSS software is swept parametric-
ally versus changing w,, parameter. The result of the parametric
sweep creates several scattering parameter curves | s, |, which are
shown in Fig. 10. By extracting the frequencies f,; and f,, from
these curves, and using equation (9), k;, can be obtained in
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Figure 17. Comparison of measured and simulated results of cascaded filter with dir-
ect coupling.

terms of wy,. Since the dimensions of resonator 1 are not the
same as the dimensions of resonator 2, so the self-frequencies of
each resonator are not equal. By calculating the approximate values
of the dimensions and optimization method, the precise
dimensions can be computed. It can be assumed that the second
resonator resonates at the same frequency as the first resonator,
thus the values f;; and fy, can be considered equal to calculate
ki, in equation (9). From the curves fork;, = 0.03711, the distance
wyz is 1.73 mm. Performing a similar process, the changes in ky;
can be obtained in terms of the distancew,;. According to simula-
tions similar to wy,, for k,3 = 0.029 the distance of w3 is 1.615 mm.

After that, the external quality factor (Q,) must be calculated.
To observe variations, Q, of the structure in Fig. 11 must be para-
metrically swept in terms of L;,. At each step of the parametric
sweep, the group delay around the resonant frequency is obtained
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(@)

Figure 18. (a) fabricated filter integrated with amplifiers. (b) Gain.
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Figure 19. Experimental setup used for the determination of the final board bandwidth and available power gain.
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Table 2. Comparison of different works with this project
RF frequency IF frequency LO frequency Noise figure Gain Band width Integration time
Reference (GHz) (GHz) (GHz) (NF)(dB) (dB) (GHz) (ms) BPF
[25] 32-36 3.5—17.5 4x9.875 <4.5 33 + 1 40 1- type
7.5
[26] 34 2 8x4 4 40 03 = 1— type
[27] 27.5-30.0 3.7 11.90 x 2.8 80 2 - 1- type
21t013.15x2
[28] 94 1-18 3x31.5 - - 18 3.33 None
183 =112 3x30.5 12
[29] 34.5 -35.5 0.1 34.5 -35.5 <8 <27 - - None
This project ~ 34.25—35.75 0.75—-2.25 335 <2.3 >60 15 10 3 —planar
type

by placing the phase of S;; in equation (10). Q, can then be cal-
culated for different L;, using equation (11). Figure 11 shows the
changes in Q, with respect to L;,. According to Fig. 11, the length
of L, for Q,=24.21 is about 0.34 mm. After optimization of the
parameters L;, = 0.495.

As mentioned above, it was assumed that the dimensions of
the resonators are the same in the calculation of ki, and kjs,
but in the following, the optimization method and accurate calcu-
lation of the parameters are described by studying the factors
affecting the filter output. The filter specifications can be directed
to the desired specifications by setting the four parameters Ly, L,,
w1,, and wy3. According to Fig. 12, L, affects the upper cut-off fre-
quency. Therefore, after approximately calculating L;, the optimal
value of L, can be calculated by partially changing L;, as shown in
Fig. 12, so that the upper cut-off frequency is 35.75 GHz. Due to
the coupling effects in the filter, each parameter has a significant
effect on a specific part of the response (according to Fig. 10), and
the exact value of each parameter can be determined.

After obtaining the dimensions of the filter and optimization, a
complete simulation of the filter is performed and the filter output
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is obtained as shown in Fig. 13(a). More accurately, the connectors
also affect the outputs of the filter, so in order to test the filter with
the connectors, the dimensions must be optimized with the pres-
ence of the connectors. As can be seen in Fig. 13(b), the responses
are affected by the presence of the connectors.

The E-field distribution of the optimized structure is shown
in Fig. 14 at different frequency. Figure 14(a) shows the distribu-
tion of E-field in the pass-band (at 35 GHz). According to
Fig. 14(a) the input power transmitted to output port.
Figure 14(b) shows the distribution of the E-field out of band
(at 33 GHz), that is given the input power is not transmitted
to output port.

Next, the square filter and the filter with mutual coupling are
simulated and optimized. The diameter of the short-circuit rods
dvia =0.3 mm and the distance between them is maximally con-
sidered as s=0.5 mm. The structure and simulation results of
square filters with direct and cross-coupling are shown in
Fig. 15. To verify the simulation results, the first filter was built
and tested. The filter is implemented on an RO 4003 PCB as
shown in Fig. 16.
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The comparison of measured and simulated results is shown in
Fig. 17, which indicates the results are almost equal. The use of
connectors has altered the measurement results. Moreover, the
existing manufacturing technology, which uses a thickness of
35 microns of copper, has caused more losses in the measurement
results.

Fabrication of the LNA and the filter

In section “PMWIS specification” a two-stage LNA has been
designed, as described in Fig. 4. Taking into account the losses
of the connectors and transmission lines as well as some inaccur-
acies during the construction and soldering, it was estimated that
the total gain may be decreased. Therefore, a new LNA employing
three amplifiers has been designed and implemented as shown in
Fig. 18(a). The simulation and measurement results of the ampli-
fiers along with the filter are shown in Fig. 18(b) According to the
datasheet, the input power to the amplifier must be —5 dBm as
maximum. Thus, the input power of LNA must be small enough
so that, after amplification by the initial two-stage amplifiers, the
power transmitted to the third amplifier be less than —5 dBm.
Figure 18(b) presents the result of combining amplifiers with
the filter as a plot of S,;.

In order to have a light weight, small, and low-cost system with
appropriate spatial resolution and temperature, all parts must be
assembled on one board. All parts have been implemented with
GCPW impedance matching lines in the RF part and microstrip
lines in the IF part. Also, in order to be able to measure without
the presence of the target and the temperature setup and by the
signal generator, the entire components before the detector are
placed on one single board and the detector part is placed on a
separate board. To test the hot object, the antenna and the
detector board must be connected to the main board. The
antenna [11] and the detector were implemented in such a way
that they can be re-integrated with the main board after the initial
test. Figure 19 shows the measurement setup and the system
under test.

To test the system of the super-heterodyne receiver front-end
of the PMWIS, a signal with a frequency of 35GHz and a
power of —75 dBm is applied to the input part of the board, i.e.
RF input, and a signal with a frequency of 33.5GHz and a
power of 13 dBm is applied to the LO of the mixer, ie. LO
input. It should be noted that the loss of the cable is also taken
into account here, and due to the 5dB attenuation of the cable,
the power reaches to —80 dBm at the RF input point. In the LO
input, the board is directly connected to the signal generator to
avoid the cable loss. The bias voltage of the RF and IF amplifiers
is 5 volts, which is supplied by the power supply. The IF output
point is connected to the network analyzer to measure the
power in terms of frequency. The results of IF output in the fre-
quency range of 30-40 GHz considering —80 dBm power input
are shown in Fig. 20. Additionally, in Table 2, a comparison
has been made between the parameters achieved in this project
and some other works.

The triple-stage RF LNA has been implemented having the
specification of: RF 34.25-35.75 GHz; bandwidth 1.5 GHz; gain
>60 dB; NF <2.3 dB. It has less overall integration time compared
to some other works, referenced in Table 2. As a result, the target
imaging time is decreased, where by reducing the NF, a suitable
temperature resolution can be achieved. By using suitable filters
at the RF and IF stages, a bandwidth of 1.5GHz has been
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obtained, which is wider than the referenced systems operated
at the frequency range.

Conclusion

In this paper, a Ka-band super-heterodyne receiver front-end of a
PMWIS at 35 GHz with a suitable band pass filter is simulated
and implemented. Also an SIW even order filter with
Chebyshev response suitable for the intended application is
designed so that one of them has controllable TZs. The filters
are designed at the same center frequency of 35 GHz with the
same bandwidth of 1.5 GHz. Filters are made by PCB technology
employing SIWs as resonators having a high-quality factor of
23.33. The receiver with RF filter has a suitable temperature reso-
lution for the use of hidden object imaging, which is made as an
integrated and lightweight one-layer board; and it has a band-
width of 1.5 GHz, an NF of 2.2, and a temperature resolution of
0.126 K. Moreover, all components of this receiver are integrated
in a single-layer PCB.
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