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Abstract—A study on the analysis and design of active inte-  In Section I, the initial design procedure for a version of the
grated antennas based on active quasi-circulators is reported in active quasi-circulator antenna, based on ©0@ariable gain
this paper. The antenna consists of a novel hybrid active circulator blocks, is described. The FDTD analysis of two versions of the

and a short-circuited quarter-wavelength microstrip antenna, It truct ith th ¢ tside the ri fth
which combine to form an active antenna with transmit and "€SUIUNG Structure, one wi € antenna outside the ring ot the

receive action at the same frequency. A full-wave model of the CiI‘CU|atOI‘ and one W|th |t inside, iS described in SeCtion Il. The
configuration using the extended finite-difference time-domain differences between these two versions help to show the effects
method is devised to analyze its operation, to study parasitic of the close coupling between circuit and antenna in the latter,

electromagnetic coupling effects, and to derive design guidelines.and field plots produced using FDTD help to reveal the details
Experimental results for a hybrid model are also presented. of the coupling

Index Terms—Active antennas, diplexers, FDTD methods, mi-  gections IV and V describe the design and experimental eval-
crostrip antennas, microwave circulators. uation of a practical version of the integrated active antenna cir-
culator. This uses commercially available packaged monolithic-

|. INTRODUCTION microwave integrated-circuit (MMIC) gain blocks with nominal

. . _— . 502 port impedances at normal bias. The simulation of the de-
CTIVE integrated antennas involve the intimate integra- : . L .
) i . sign was carried out using a circuit simulator. To achieve the
tion of active devices and antennas. These modules ar : : o :

necessary impedance transformations in distributed matching

potentially attractive as lightweight and low-cost solutions for - . : ; .
. N -~ . etworks within the circulator required a wide range of mi-

potential uses in high-volume millimetric-wave systems. A mul- o . S : .

. . . . rostrip linewidths, making it impractical to simulate the G0-

titude of active antennas have appeared in the literature based on

) . . ) o . In-block-based structure in FDTD with a sufficiently small
various combinations of radiators with amplifiers, mixers, an . . )
oscillators [1]. Configurations have also been suggested that (renqsh size. However, a comparison of the experimental results
' 6f Section V and the FDTD results of Section Il reveal the same

hibit transmit—receive operation. The key issue for these trans'alitative features, demonstrating the power of FDTD in iden-

ceivers is the isolation between the transmit and receive poﬂu-m coupling phenomena in tiahtly intearated structures. A
Isolation can be achieved by using either inherent propertiesﬂj\‘ g Rling p ghtly 9 :

) . e S ; .detailed quantitative comparison would require either a signifi-
microstrip antennas [2] or auxiliary circuits incorporating uni-

. ) . coant increase in computation speeds, to make possible the FDTD
lateral devices. In this paper, the latter approach is adopted V. Ivsi : S .
USing an active quasi-circulator artalysis of the experimental model, or the availability of vari
9 h o ' . able-gain 1042 MMIC gain blocks, to make it possible to re-
The analysis of active integrated antennas is a demand|r]% : X .
alize experimentally the 10Q-gain-block version.

task. Fringing fields always_ create undeswabl_e coup_lmg be- ection VI describes the FDTD calculations of the radiation
tween compactly arranged circuit elements, active devices, an .
terns for the 100% version of the module and the measured

. . - . a
radiators. An additional factor to be dealt with is the nonlmez?r sults for the radiation patterns of the &version. Section VIl

nature of active devices, which can generate harmonics [‘Lscribes several further calculations using the FDTD method,

Methods depending on separating the actl\(e dev.|ces from Stformed to determine quantitatively the effects of the antenna
antennas do not take into account the coupling. It is clear thaf a

method that combines the ability to handle antennas and circuﬂgdogy on the performance of the module.
concurrently is the optimal solution [1]. The most promising
candidate is the finite-difference time-domain (FDTD) method
as extended to include circuit elements [4], [5]. Few works
using the extended FDTD method to analyze active antenmfasPrinciple of Circulator Operation
have appeared in the literature [6], [7].

Il. DESIGNBASED ON100<2 GAIN BLOCKS

A circulator is, in general, a three-port device in which signals
pass from one port to another in one direction only. They are
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Fig. 1. Metal-surface layout of a planar active circulator based orf1@in 40 i . . .
blocks. 4.0 45 5.0 55 6.0 6.5 7.0

Frequency(GHz)
the transmitter (port 1) to the receiver (port 2). The paths are la-
beled 1 and 2 in Fig. 1. By adjusting the phase lengths of the twig. 2. Transmit-receive isolatidi$., ) for a 10042 active circulator (FDTD
paths and the gainphase cancellationccurs at the receiver to versus HP-MDS).
create the quasi-circulation (or diplexing action). Specifically,
the condition is that the power arriving at the receiver from tHBe output impedance of the gain block. The distance between
two possible paths is of equal magnitude and the phase difféite input and output port was dictated by the size of a physical

ence of the two paths is 180 gain block (2-mm linear dimensions). Embedding the ideal gain
block in the FDTD space resulted in isolati¢f;») of more
B. Circulator Design than 20 dB. This is a reasonable value for a practical gain block,

The circulator was designed using the Hewlett-Packard I\/Ff-m_]I agreed we_II with HP-MDS simulations of a 9""".‘ block in
crowave Design System (HP-MDS) software, allowing for opt|V-Vh'Ch the dominant physical feedback mechanism is the elec-
j omagnetic coupling across the space occupied by the device.

mization of the amplifier gains and the lengths of the transmi . .
sion lines in order to obtain the desired isolation. The choiéeMOr® complex FDTD model of ihe gain block would include

of the impedance for gain blocks dictates the matching requitaege;a'led equ||_\|/ alent-cwfcun reprisclentatmn of altl t?ihfeedbg\cr
ments. For the initial design exercise described here £168in mechanisms. However, Tor an initial assessment of th€ module

blocks are used to avoid matching difficulties and to make ﬂ?gtsr;%ni:s:)?:ti?rrrﬂeart?/?o?falllri:g\r;gggo?n effective approximation
layout simpler and more amenable to FDTD analysis (Fig. 1J. o .
4 P ysis (Fig ?In the FDTD model, short-circuit pins are modeled as wires

Such gain blocks can be implemented in MMIC technology, an- ; . - .
g P 9y By forcing the tangential electric field to be zero along the di-

other attractive feature of active circulators [9]. ) . .
rection of the wire. The same approach is followed for the mod-
eling of the metal plates of zero thickness, in accordance with

I1l. FDTD ANALYSIS OF THEACTIVE INTEGRATEDCIRCULATOR . .
the usual procedure for microstrip structures [11].

ANTENNA USING 100<€2 GAIN BLOCKS
A. FDTD Modeling of Gain Block B. 1002 Active Circulator—FDTD and MDS Results

In order to simulate the circulator, gain blocks must be in- The dimensions of the 10Q- hybrid circuit (dielectric
corporated in FDTD. Transistors introduce certain difficultiegonstant,. = 2.2, thicknessh = 1.1 mm) are 12x 19.1 mm,
because of their unilateral nature and the fact they are two-poith the 50- and 10@? lines having widths 3.3 and 0.9 mm,
devices. In our code, a linear gain block was incorporated bgspectively. The gains atérxrx = 1, Grx = 1, Grx = 1.8
realizing the input and output ports in separate cells. At tfinear units). The structure was then simulated using our
input port, a resistor equal to the input impedance is realizetktended three-dimensional (3-D) FDTD program by using
At the output port, the dependent voltage source is modeledlinl x 151 x 51 cells withAz = 0.3 mm, Ay = 0.3 mm, and
series with the desired output resistor, i.e., like a resistive voltage = 0.37 mm. From our experience, at least three cells across

source [5] the microstrip linewidth and through the substrate thickness
are required to get accurate results. Wide-band information can

prtt _ 2ou e Az Ay — At Az, be retrieved from FDTD using a Gaussian pulse as excitation

? 2Rou; € - Az - Ay+ At-Az ~° and performing Fourier transforms of the transients. First- and
2Rou - Az - Ay - Af (V x H)ri/2 second-order Mur absorbing conditions were used to truncate

2Rout - Az - Ay + At - Az * the computational domain [12]. Good agreement was obtained

2. At-A-Az- Ei’;rl for the transmit—receive isolation (Fig. 2) between HP-MDS and

" 2Rou -e-Az-Ay+ At-Az (D) FDTD. The difference is attributed to frequency-independent

gain blocks used in the MDS design. FDTD can also provide
whereEi’;rl is the value of the electric field calculated at thealuable information on the physics of the circuit. The spatial
input node, A is the internal gain of the block, an&,,; is distribution of the electric field just underneath the metal layout
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Fig. 4. Metal-surface layout of an integrated active circulator antenna bas
on 10012 gain blocks. Frequency(GHz)

at the maximum isolation frequency reveals where the phc’fé% 6. Trgnsmit and receivS-parameters for an active circulator antenna
. . 10042 version (FDTD).
cancellation occurs (Fig. 3).

C. Integrated Active Circulator Antenna 2.4 mm. Fig. 5 shows the simulated reflection coefficients at

The active circulator was integrated with a microstrip antenrlilae transmit and receive ports. The _eﬁeCtS Of couplmg W'th.m
to form a module with transmit-receive operation at the sart%"e structure were S_tUd'ed_ by comparing the S|mu_|ated |solat!on
frequency and polarization. A layout of the transceiver structu en the ;a:nteréna_ljﬁ pg_sltu_)g] eq |nS|dfe r? n?. ?gts'dﬁ of tr?e nng
is shown in Fig. 4. A short-circuited inset-fed microstrip antenr%rucwre( ig. 6). The distributions of the fields when the an-

is placed in the center of the ring to optimize the circuit arelfnna is inside (Fig. 7) and outside (Fig. 8) the ring reveal the

Transmit—receive operation is possible by taking advantage 'S¢ of difference in the isolation. In the case where the an-

the isolation introduced by the circulator. Transmit power is arfenna is inside the ring, the field is disrupted considerably, as
plified by gain blockGrx and coupled to the antenna port b ndicated by the field maxima in the upper left-hand-side part

a length of 502 microstrip line. Receive power is coupled intoof the circulator. The capability of examining effects of the an-
the circulator via the same line and passes thraigk since tenna position relative to the circuit is a powerful feature of the

the reverse isolation @fx prevents power coupling back intoextended FDTD method.
the transmitter. The transceiver is linearly polarized with same
polarization for transmit and receive. IV. DESIGN BASED ON COMMERCIAL 502 GAIN BLOCKS

] ) ) To realize the active circulator as a hybrid microwave inte-

D. FDTD Analysis of the Integrated Active Antenna Circulatogated circuit, the only gain blocks readily available had nominal
The FDTD code validated by the work in Section IlI-B wagport impedances of 5Q. The S-parameters of one of the gain

used to model the 10Q-integrated configuration of Fig. 4. Theblocks (HP MGA-86 576) were measured at ten different bias

antenna has a size of 86 15.6 mm, the inset length beinglevels to allow different gain settings. The circuit parameters,
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the active circulator antenna (100 when the antenna is placed inside the ring
(calculated by FDTD). The space between white lines is metal and the rest
dielectric. 51
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20 40 B0 80 100 120 Fig. 10. Transmit-receive isolatioiS.;) for a 504} active circulator

X(cells) measured versus HP-MDS.

Fig. 8. Distribution of the normal electric-field magnitude on the surface for

the active circulator antenna (100 when the antenna is placed outside the rindosses(.S; 1, Sa2, S33) were measured giving-10 dB at the
(calculated with FDTD). The space between white lines is metal and the reshi]sdximum isolation frequency

dielectric. '

. . . . o . . Integrated Antenna Circulator
including the gain-block bias levels, were optimized for smuE’ 9

taneous isolatioandmatching. The gain offrxrx issettothe ~ The antenna used in the SD-module (Fig. 11) measures
modeled value given by MDS and then fine tuned in the expet0 mm x 12 mm. Two open-circuit stubs have been used to
imental hardware for maximum transmit/receive isolation. THBatch the antenna to the circulator. However, an optimized inset
whole circuit occupies less than 50 mm40 mm. The circuit geometry would allow matching without the use of stubs. In
is fully planar, with only dc-bias coils placed on the undersideigs. 12 and 13, th&-parameters for the integrated active cir-
of the board. The 5® circulator layout is shown in Fig. 9. culator antennas are presented. There is a noticeable difference
between the transmit—receive isolation of the integrated struc-
V. EXPERIMENTAL EVALUATION OF 50- GAIN-BLock-Basep  ture (Fig. 13) and that of the nonintegrated circuit (Fig. 10). In-
MODEL stead of one dip, a double hump appears because of the interac-
tion of the active circulator with the antenna. The introduction
of the antenna, which is a resonant element, causes a small addi-
The experimental model exhibits good transmit—receit@mnal phase shift close to resonance. Thus, the condition 6f 180
isolation, which is predicted with reasonable accuracy frophase difference can be fulfilled at another frequency, giving the
HP-MDS (Fig. 10). Circuit gains of approximately 6 and 3 dBecond dip. The second dip is not at the operating frequency of
in the transmit(Ss1) and receive(S23) paths, respectively, the antenna. Section VIl shows how the FDTD analysis can be
were measured at the maximum isolation frequency. This is ased to study the effects of design dimensions on the position
improvement from [8] where the use of nonreciprocal phasé the second dip, suggesting that it could be engineered to pro-
shifters was reported to obtain a similar cancellation effect, bdtice a more wide-band configuration. Nevertheless, the mea-
with insertion loss present in all the signal paths. The retusured isolation is better than 20 dB over a 7-MHz band, with

A. Circulator
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(a)
a maximum of 26.9 dB at 3.745 GHz where the antenna ope
ates. The measured active antenna gains are seen to have laj Z~ Fooe
bandwidths (Fig. 13), as have the return losses (Fig. 12). Th" ;" :j;’gs";;;ar
gain of the short-circuit antenna has been measured separat
as approximately 3 dBi. Thus, the circulator is adding approxi

mately 4-dB gain on receive and 10-dB gain on transmit.

dB

VI. RADIATION PATTERNS FOR50-AND 10042 STRUCTURES

The radiation patterns for the 1@®-active integrated an-
tenna were calculated for the transmit case with the FDTD coc

[see Fig. 14(a)]. The transmit patterns for the ®Gtructure - o
were also measured [see Fig. 14(b)]. Near- to far-field transfol -9 -0 30 0 % % 9
mation [13] was used to produce the radiation patterns. Obser Angle(degrees)

that both the figures have essentially the same features. T
cross-polar isolation was typically better thari0 dB at bore
sight, as expected by the inherently poor cross-polar charactefig-14. Transmit radiation patterns for an active circulator antenna. (2100
tics of a short-circuited patch. A significant characteristic of th&2TP)- (P) 504 structure (Measured).

radiation patterns is the off-axis dip of tii&-plane cross-polar
radiation pattern. In the case of a short-circuited patch, the dip
is expected to be very close to boresight. In order to explain theFrom the previous sections, it is clear that the placement of
translation of the dip, it is important to study Fig. 7. The skewthe antenna inside the ring results in a compact module, but
ness in the field distribution of the patch, introduced by the cothe performance (isolation, radiation patterns) is affected by the
pling, results in a shift in the cross-polar radiation pattern nulcoupling. Obviously the coupling is controlled by the position of

(b}

VII. DESIGN CONSIDERATIONS AND SUGGESTIONS
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5 isolation improvement by 5 dB. The gain degradation is com-
pensated by the additional gain introduced by the gain blocks.
The second parameter chosen is the inset length of the antenna
feed that controls the input impedance of the antenna. For the
optimized length of Fig. 15/ = 7.8 mm), FDTD simulations
were performed with different values of insets. From Fig. 16,
it can be deduced that the frequency position of the dips is not
strongly affected, but the isolation can be improved by a few
decibels as the matching of the antenna changes.

The following trends, therefore, can be established using the
FDTD method, enabling compactness to be achieved with pre-
dictable coupling.

» Antenna matching does not strongly affect the frequency
where the dips occur, but can affect the isolation. Optimal
matching for maximum isolation can be obtained.

» The best isolation can be achieved by producing an an-
tenna that radiates at a frequency slightly higher than the
frequency at which the maximum isolation of the circuit
occurs.

* Increase in isolation can be further achieved by reduction
of the antenna width.

Transmit-Receive Isolation(dB)

-35 T T T u T

4.0 4.5 55 6.5 7.0

Frequency(GHz)

Fig.15. Transmit-receive isolation with small variation of antenna length (100
Q).

10

VIIl. CONCLUSION

The operation of an integrated active circulator antenna was
discussed based on experimental results and results obtained
from the application of the extended FDTD method. Arrays of
these elements could overcome the power-handling problems
that limit the performance of single elements. Undesired elec-
tromagnetic coupling is a crucial factor in the proper function
of integrated-antenna circuit modules. By using FDTD, we
demonstrated how the coupling affects the operation, providing
explanations on observed experimental findings. Parametric
calculations were also performed to establish design trends.
By adjusting the size of the antenna and its input impedance,
the isolation between transmit-receive can be controlled. The
short-circuit quarter-wave patch antenna used in this paper
has led to poor cross-polarization characteristics. In cases
where high cross-polar isolation is required, FDTD analysis

the antenna relative to the circuit. Two parameters were varig uld be ar? |_deal t(I)DOI t_o assesls tlr.f p?:rlfj(zrrgant_:ﬁ of alternative
in order to establish trends in the design of such modules. antenna choices. Design tools like with concurrent

The first parameter used is the size of the antenna, As analysis capabilities are crucial to reduce costly prototype

Xe 7
plained in Section V, the circuit dip is shifted because of the aia_bncatmn cycles.

tenna resonant behavior and coupling. The resonant frequency
of small short-circuited antennas is affected by the diameter and
number of shorting posts by 2%—3%, as Sanad [14] has demon-

Tx-Rx Isolation(dB)

-40 v T T T T

4.0 55 6.0 8.5 7.0

Frequency(GHz)

Fig. 16. Transmit—receive isolation with variation of inset (100
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