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Abstract. A phase conjugating network to realize wideband
time reversal of microwave signals is studied in this paper.
After discussions on the operation principle of the reversed
signal in the time and frequency domains, a prototype
network based on phase-conjugating mixing is developed.
A demonstrator is designed and fabricated, and two exami-
nations are carried out to confirm the presented method.
For a fixed LO signal, a chirp RF signal with 40-MHz
bandwidth can be phase-conjugated mixing, thus time
reversed effectively. To widen the operation bandwidth,
a method named dynamically synchronous phase conjugat-
ing is proposed; this enables a microwave signal to be
dynamically reversed by synchronously varying the LO
frequency along with the RF frequency, thus achieving the
phase-conjugating dynamically in a wide frequency band.
The simulation and experiment results of a wideband mi-
crowave signal, ranging from 5.4 to 6.25 GHz under
a measured conversion loss of < 10 dB, verify our studies.
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1. Introduction

It has been shown the time reversal can exhibit some
unique characteristics involving the temporal and spatial
focusing and super-resolution focusing [1-4], thus having
many potential applications in detection, imaging, monitor-
ing and wireless communications [5—9]. The key issue of
a time reversal based system is how to effectively reverse
a required signal in the time domain. For a monochromatic
signal, it is known the time reversal corresponds to phase
conjugating in the frequency domain [10], [11], and it was
found in applications to the retrodirective array [12—-14].
For a narrow band signal like a chirp pulse, the phase-con-
jugating method can also achieve the time reversal at mi-
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crowave frequencies since its operation is near the center
frequency. But for some applications like the target detec-
tion, the detection signal generally occupies a certain fre-
quency band in the spectrum [15]. In this case, time rever-
sal of this kinds of signal becomes a challenge and is
worthy of studying in-depth.

In this paper, we discuss a new method to time re-
verse a microwave signal with a wide frequency range.
Theories of the reversed signal in the time and frequency
domains are formulated firstly. To verify the analyses,
a phase-conjugating network is developed and examined
experimentally. Measurements on a chirp signal with
a bandwidth of 40 MHz are performed and good perfor-
mance is observed. Further, harmonic signals sweeping
from 5.4 to 6.25 GHz with dynamically synchronized LO
frequencies from 10.8 to 12.5 GHz are investigated experi-
mentally, and results validate this study.

2. Operation Principles

Time reversal of a monochromatic signal can be
achieved based on the phase conjugating. For a monochro-
matic real signal f(#), let its angular frequency to be w,.
The Fourier transformation has the following relations

Flwy)=[" fe ™™ dt < f(). (1)

and simply, we have

Flan)=[ s de=[ fenedte f(0.0)

Compared with (1) and (2), one can see f(¢) and f(—¢) cor-
respond to the phase conjugation in the frequency domain.
Now, considering a real signal f(#) has some bandwidth in
the spectrum, and its angular frequency is ranged from
wo— Aw 10 wy+ Aw, then its Fourier transformation takes
the form

Floy=Ao)=[" fe’ =" dr, 3)

CIRCUITS
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F'(o, £ Aw)= f F()e! @ g

=[" fene @ dt < f(-).

This means the phase-conjugating method can also be
applicable to time reverse a signal with a certain bandwidth
in its spectrum.

“

In engineering, realization of the phase conjugating is
generally based on the frequency mixing, as shown in
Fig. 1, where the central angular frequencies of radio fre-
quency (RF) and local oscillator (LO) are ay and 2a,
respectively. Now, we first consider the RF is a chirp sig-
nal, given by

Jre(?) = Acos(ant + K£2/2 + ) (5)

where K is the slope of frequency tuning, and the LO
signal is described by

Jro(?) = Beos(2axt). (6)

After mixing, the intermediate frequency (IF) signal would
be

fir(?) = Ceos(ant — K12 — @) + Ccos(Bant + K£12+ ¢). (7)
With a low-pass filtering, one can see
fir(t) = far(= 1) = Deos(ant — K12 = ¢). (®)

Thus time reversal of a chirp signal can be realized in
this mixing process. If the RF signal is sinusoidal with
a frequency band ranging from wy— Aw to wy+ Aw, given

by
Jre(?) = Acos[(an = Aw)t +9], €)]
while the LO signal is dynamically changed to
fro(?) = Beos[2(an = Aw)t].
After mixing, the IF signal becomes

Jir(®) = Ceos[(an = Aw)t — ¢] + Ccos[3(an+ Aw)t +¢]. (11)

(10)

With the low-pass filtering, we have
Jik(®) = fre(—=1) = Dcos[(an = Aw)t — ¢]. (12)

This result indicates the mixing process enables time rever-
sal of a microwave signal with a certain frequency band-
width to be achievable.

The phase-conjugating network presented here con-
sists of a ring hybrid, a branch-line balun and mixing com-

Jio(?)
Jre(?) > Jir(?) = fre(— 1)
Mixer
Fig. 1. Schematic diagram of time reversal a microwave signal

based on frequency mixing.

ponents, as shown in Fig. 2. The center frequencies of the
ring hybrid and the branch-line balun are f; and 2f;, respec-
tively. The RF signal is applied to port 1, and the LO signal
is applied to port 5. For a chirp RF signal, the LO signal is
set as described in (6). After mixing, one can find the mix-
ing components to be

MX;() =
Cl[cos(ant — K£/2 — ¢ + ) + cos(3ant + K2 + ¢ — 27)], (13)

and

MXy(f) =
Cl[cos(ant — K£/2 — ¢ — 7t) + cos(3ant + K£/2 + ¢ — 2m)]. (14)

The IF signal at port 4 would be

Jie() =
Clcos(ant — KE/2 — ¢ + m/2) + cos(Bant + K£/2 + ¢ — /2)].(15)

By a low-pass filtering, we have

fie(t) = Dcos(ant — K£/2 — ¢ + 7/2). (16)

Compared with the input signal in (5), the chirp signal
is time reversed after this network. The additional phase of
fir(?) is attributed to the network structure that does not
effect on the reversed waveform. At port 4, the RF leakage
from two mixing components is

Jre(f) =
D'[cos(ant + TKE + ¢ — 27) + cos(ant + TKE + ¢p— )] = 0. (17)

If RF and LO signals are respectively chosen as the

ones in (9) and (10), results for the mixing components
would be:

MX,(?) =
C'{cos[(mxtAw)t — ¢ + 7] + cos[3(aptAw)t + ¢ — 27]}, (18)

and

MX,(1) =
C'{cos[(atAw)t — ¢ — m] + cos[3(mtAw)t + ¢ —2x]}. (19)

When observed at port 4, we have

Jie(®) =
Cleos[(@tAm) — ¢ + 1/2] + cos[3(atAa)t + ¢ — 1/2]}.(20)

Further, by a low-pass filtering, it is seen

Jir(?) = Dcos[(anEA @)t — ¢ + 7/2]. 21)

It could be seen from (21) that the signal is time re-
versed compared with the input signal described in (9). On
the other hand, the RF leakage from two mixing compo-
nents can be cancelled at port 4 due to

Jre(®) =
D'{cos[(a*rAw)t + ¢ —2x] + cos[(atAw)t + ¢ — 7]} = 0. (22)

Therefore, this reveals theoretically that the phase-
conjugating network can perform time reversal of a chirp
signal and a microwave signal with a certain frequency
bandwidth.
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Fig. 2. Schematic diagram of the phase-conjugating network.

3. Development of the Phase-Conju-
gating Network

As shown in Fig. 2, the mixer diodes are selected as
the mixing components. The proposed phase-conjugating
network is realized on a microwave substrate with a rela-
tive permittivity of 2.65, a thickness of 0.8 mm, and a loss
tangent 0.003.

Based on the above analyses, the schematic shown in
Fig. 2 is numerically analyzed based on Ansoft HFSS and
Agilent advanced design system (ADS). The physical pa-
rameters of the phase-conjugating network are tabulated in
Tab. 1. The ring hybrid and branch-line balun, centered at
5.7 and 11.4 GHz, respectively, are first designed. To per-
form the wideband time reversal, the proposed conjugating
network should behave wide operation bandwidth. There-
fore, as shown in Figs. 2 and 3, a short-circuited Stubl is
loaded at the port 3 of the ring hybrid to improve the phase
bandwidth [16], and Stub2 is attached to the branch-line
balun to realize the magnitude compensation [17]. The two
stubs are designed as quarter-wavelengths at 5.7 GHz and
11.4 GHz, respectively, and their characteristic impedances
are determined based on numerical optimizations. Further-
more, the phase bandwidth of the branch-line balun can be
enhanced by using different line impedances of the quarter
or half wavelength branch-lines, as illustrated in Fig. 2,
where Z,=63.7Q, Z,=76.6 Q, and Z;=70.7 Q after nu-
merical optimizations. For the two proposed structures, it
can be seen that for a magnitude imbalance of £0.5 dB, the
magnitude bandwidths are 24.2% at 5.7 GHz and 25.7% at

—e— S21 with stubl
—4— S31 with stubl
—v— S41 with stubl

Magnitude (dB)

—=— S11 without stub]
[—e— S21 without stubl
[—2— S31 without stubl
—sv— S41 without stubl

45 . . . . .
35 40 45 50 55 60 65 70 75 8.0
Frequency (GHz)

(a)

0
e S55 2221070
“10 b —o— 865 Z1=2=25=70.7Q
—2— 875 21=2=75=70.7Q
~ = = =
@ o
) 2
=20
el
2
5
& _30
=
40T —a—s55 2:463.70, 2-76.60, Z=70.70Q
—e— 65 Z1=63.7Q, 2:=76.60, Z=70.7Q
—a— 75 21=63.70, 2:=76.60, Z=70.7Q
50 L L L L L L
8 9 10 11 12 13 14 15
Frequency (GHz)
(b)
260

3
I
s
3 — with stubl
% 140 without stubl
£120f

100 |

80 L 1 1 1 L L L !

35 40 45 50 55 60 65 7.0 75 80
Frequency (GHz)
©

220 +
Q
3 .
5
£ 10 Z1=63.7Q, 2:=76.6Q, Z:=70.7Q
o
S0l Z1=2=7:=70.7Q
£
[=%

120 |

100 0 T o 1

8 9 10 Il 12 13 14 15
Frequency (GHz)
(@)

Fig. 3. Simulated scattering parameters of the ring hybrid and
branch-line balun. (a) S-parameter of the ring hybrid.
(b) S-parameter of the branch-line balun. (c¢) Phase
difference between port 2 and port 3. (d) Phase
difference between port 6 and port 7.
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=49 =485 1,=3.05 1,=9.05 2
w; = 0.8 Wy = 0.6 w3 = 0.7 Wy = 0.7 20
W5:1.2 W6:3.4 W7:3.7 W8:1.4 18
wo =1 wi=1.2 wi =2.1 @ 6l —e— Measurement
2 Simulation
Tab. 1. Physical parameters of the phase conjugating network S
(Unit: mm). g
11.4 GHz, while referring to 180°+ 3°, the phase band- 8
. =
widths are 40% at 5.7 GHz and 33.9% at 11.4 GHz. As 3
shown in Fig. 3, one can see the passive devices exhibit
good frequency responses. AL L L

As shown in Fig. 2, the operation frequencies of ot 23 ‘ioiowgr(d;m;; 9 101
RF/IF and LO in this phase conjugating circuit are 5.7 GHz (@)

and 11.4 GHz, respectively. Here, L shaped matching net-

work are utilized to match the mixer diodes, where the 10
open stubs at the two sides of diodes are designed as quar- o
ter-wavelengths at LO and RF/IF, respectively, thus pre- ) 8
senting circuit loops. As listed in Tab. 1, other parameters S iy
of the matching networks are analytically designed and g or
confirmed from numerical simulations. The circuit perfor- £ T
mance is numerically evaluated based on the monochroma- § 4r e .
tic signal. Notice that though the matching network is é 3 Si:;j;?g:len
designed at the center frequencies, the developed phase- 2r
conjugating network can realize good performance within T
a broad frequency band, as discussed in Sec. 4. n 52 54 56 53 6.0
Frequency (GHz)
(b)
4. Experimental Validation on the Fig. 5. Measured ﬁl:ld simulated ~ conversion !osses.
(a) By sweeping the power of local oscillator.
Phase-Conjugating Network (b) By sweeping the RF frequency.
The studied phase-conjugating network is built on 45
a microwave substrate mentioned above, where two mixer —* measurement
diodes, DMK 2790, are bonded on it. Photograph of the 40 simulation

developed network is shown in Fig. 4. The RF signal is
generated by Agilent vector network analyzer N9918A,
and the LO signal is provided by a harmonic signal source
MG3694C. The N9918A is also used to record the output
spectrum at port 4 shown in Fig. 2.

RF-IF Isolation (dB)

The conversion losses versus LO power levels and RF
frequencies are first investigated, where the RF power is

~10dBm and LO frequency is fixed at 11.4 GHz. The 135 ) 5a 56 53 6.0
measured and simulated results are shown in Figs. 5(a) and Frequency (GHz)
(b), respectively. From Fig. 5(a), it is seen the minimum @)
conversion loss is 7.1 dB when the RF frequency is 28
5.65 GHZ with a LQ power of 10 dBm. Also, When the LO 56l —*— Measurement
power is 10 dBm, Figure 5(b) shows the bandwidth ranges = Simulation
T4t
g ° 0000000004,00000000041
.2
S22t
3
E 201
=
18 F
.
Fo 16 L L L L
5.0 52 54 5.6 5.8 6.0
Frequency (GHz)
(b
Fig. 4. Photograph of the developed phase-conjugating net- Fig. 6. Measured and simulated isolation of RF-IF and LO-IF.

work. (a) RF-IF isolation. (b) LO-IF isolation.
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Refs./Years Method Mixer RF frequency se[l)tll::altl:on Cl(:) I;:g:;::" RF-IF isolation ];s(o)l:fl“/if
(1012004 Fuﬁ&?fg o Diode 3-8 GHz Yes (5?7?.82}811) (5.72—2?9%3&) mvevrit?(?rllgd
[12)/2003 Furrlr(lis:irfgn . FET 3-8 GHz Yes (5.2705:15}3.8(%%1;—)12) (5.752—;58(11]3GHZ) mvgﬁffﬁetd
[13)/2011 Sec"rr‘r‘liii‘f;;“"“ic FET 5.8 GHz No fss 6‘17]2 ((%1?11;)) ( o (d;iz)
e e e e O o,
This work Fur;r(lis(rir;;:;tal Diode 5.7 GHz Yes 82:(t51716 dGBH(zl;) 53) ( i ZOG(;—]IBZ) ( i ?GC}?Z)

Tab. 2. Performance comparisons for the phase conjugating of microwave signal.

from 5 to 6 GHz under an imbalance of (8.2 + 1.1) dB, as
compared to the simulated results of (5.9 +1.2) dB. The
difference between simulations and measurements can be
attributed to the simulation model of the diode that is
slightly deviated from its actual parameters.

The measured and simulated RF-IF and LO-IF isola-
tions are shown in Fig. 6, where RF and LO signal are the
same as presented in Fig. 5(b). It is found the experimental
results are better than that from simulations. From
Fig. 6(a), one can see the RF-IF isolation from measure-
ments is approximately 30 dB from 5.2 to 6 GHz, as com-
pared to the simulation results of 20 dB. Figure 6(b) shows
the LO-IF isolation is better than 23 dB within this range,
where it is approximately 19 dB from simulations.

For performance comparisons, Table 2 lists some re-
ported results and this demonstrator. Compared with the
related contributions, this work uses Schottky diodes to
realize fundamental mixing without the DC bias. The RF
and IF signal is separated to facilitate observing and ana-
lyzing their spectrums. The conversion loss is 8.2 dB with
small imbalance in a relatively broad frequency band. This
topology also features good RF-IF and LO-IF isolations
within the same frequency range.

For a fixed LO signal, time reversal of a chirp RF sig-
nal is studied. The chirp RF signal is generated by the
signal source, MG3694C, with a central frequency of
5.7 GHz, ranging from 5.68 to 5.72 GHz under a fre-
quency-tuning slope of K = 0.4 MHz/s, and the power level
referring to the monochromatic signal is set as —6.5 dBm.
In order to observe the time reversal performance, the LO
signal provided by the Agilent signal generator E§247C is
fixed at 11.35 GHz, and the power level is 10 dBm. The
N9918A is used to observe the spectrum at port 1 and port
4 in Fig. 2. Figure 7 shows the results from measurements
and simulations. From Fig. 7(a), the measured RF spectrum
agrees with the simulated one in the observed frequency
band. Referring to the RF signal, the IF spectrum is ranged
from 5.63 GHz to 5.67 GHz, which corresponds to the
phase conjugating, thus time reversed, as described in
Fig. 7(b). In this process, the average conversion loss is
approximately 9.5 dB, and the average power of RF signal
at port 4 (namely the leakage from ports 1 to 4, or the iso-
lation between RF and IF) is below —60 dBm. This con-
firms the theoretical analysis based on (17).

-20

et simulation _
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Power (dBm)
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)
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562 564 566 568 570 572 574
Frequency (GHz)

(a)

— measurement

5
H

562 564 566 568 570 572 574
Frequency (GHz)

(b)

The simulated and measured results of chirp signal
when the LO frequency is 11.35 GHz. (a) Spectrum of
the input signal at port 1. (b) Spectrum of the output
signal at port 4.

When the LO frequency is set to 11.4 GHz (i.e. dou-
ble of the central frequency of the RF signal), the phase
conjugating experiment of the chirp signal is further meas-
ured. As presented in Fig. 8(a), the RF signal is the same as
the one shown in Fig. 7(a). From Fig. 8(b), it is seen the
average conversion loss maintains similar levels compared
with Fig. 7(b). Figures 7 and 8 illustrate that the chirp
signal can be time reversed effectively.

Fig. 7.

To implement a wideband time reversal of a micro-
wave signal, here we propose a method called dynamically
synchronous phase conjugating. Now, assuming the RF
signal has a certain frequency band in the spectrum, as
described in (9). The LO frequency is double and can dy-
namically synchronous to the RF frequency. Based on this
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Fig. 8. The simulated and measured results of chirp signal
when the LO frequency is 11.4 GHz. (a) Spectrum of
the input signal at port 1. (b) Spectrum of the output
signal at port 4.

method, time reversal of a wideband microwave signal can
be achieved by using the developed phase-conjugating

network. Experimental study is therefore further performed.

The RF signal is generated by N9918A, ranging from
4.5 GHz to 7 GHz, and its power level is —10 dBm. The
LO power is 10 dBm, and it is varied synchronously from
9.001 GHz to 14.001 GHz, where the extra 1 MHz offset
would facilitate the investigation in measurements. For
example, when RF frequency is 5.65 GHz, the LO fre-
quency is set to 11.301 GHz, while when RF frequency is
5.75 GHz, the LO frequency is dynamically set to
11.501 GHz. The results are recorded in Fig.9 for both
measurements and simulations. As seen in Fig. 9(a), refer-
ring to a 10-dB conversion loss, the bandwidth ranges from
5.4 GHz to 6.25 GHz. From Fig. 9(b), the IF-RF isolation
is better than 20 dB from 5.2 GHz to 6.4 GHz. Hence,
a wideband time reversal of microwave signal is ap-
proached. Compared with the simulations, the higher con-
version loss from experiments is due to the same reasons as
mentioned above.

5. Conclusion

A wideband phase conjugating network is studied to
time reverse microwave signals. The operation principles
and analyses are discussed in the paper. A prototype
demonstrator is developed and examined, theoretically and

22
20+
—e— Measurement
o 18r . .
=) Simulation
16
8
o 14
g
4
210
S 3
©
6
4 1 1 1 1
4.5 5.0 5.5 6.0 6.5 7.0
Frequency (GHz)
(a)
55
50 —*— Measurement
Simulation
~ 45
m
Z 40
=
235
=
é 30
B 25
B 20
15
10 1 1 1 1
4.5 5.0 5.5 6.0 6.5 7.0
Frequency (GHz)
(®)

Fig. 9. The measured and simulated results of synchronous
phase conjugating. (a) Conversion loss. (b) RF-IF
isolation.

experimentally. Results indicate that a chirp signal with
40 MHz bandwidth, and a microwave sinusoidal signal
with a wide frequency range, can be phase conjugated, thus
reversed in the time domain. The experiments reasonably
match the analysis, thus confirming the presented method.
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