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the propagation constants at other frequencies (Fig. 4, curve 3). For

comparison, the normalized propagation constant measurements were

repeated at 80, 85, 90, and 94 GHz. The results are shown in Fig. 4.

One can see in Fig. 4 (curves 3 and 4) that the modified Marcatili
method for the sapphire DRW gives a good agreement with the exper- . .
imental data. The fact that the theoretical curve lies below the experi- Microwave I-Q Vector Modulator Using a Simple
mental one can be explained by the approximative nature of the Mar-  Technique for Compensation of FET Parasitics
catili method.

Comparing curve 1 with 2 and 4 with 5, one can see that the¥
anisotropy changes the propagation characteristic considerably. The
dispersion is increased, as with curve 2, wheiis smaller tharr | or
decreasgd wher) is larger thar ., as with curve .4' The IaFter could . Abstract—The analysis and design of an improved technique for the re-
be explained as follows. When the frequency is very high, there dgzation of vector modulators using analog reflection-type circuits are pre-
almost no longitudinal electric-field component, and the propagatieanted. The analysis focuses on the detrimental effect that the parasitic ele-
constant results mainly from,. When the frequency drops, thements of the FET variable-resistance elements have on the 36phase and

longitudinal component of the electric field becomes larger; therefof&nPlitude control. Itis shown that a simple circuit technique can be used to
' cdmpensate for the parasitic effects and achieve a near-ideal constellation.

the effect of larger becomes stronger and, thus,/ko increases. compared with the balanced structure, the proposed technique leads to a

Similarly, one can explain why the dispersion seen in the case of cupdgch smaller circuit area and does not require additional complementary

2 is stronger. control signals. This makes it better suited to commercial wireless applica-
tions where low cost is paramount. Simulation and experimental results for
an L-band prototype are presented.

(5)er1 =9.39,e, = 9.39; $—directly measured experimental points.

itchai Chongcheawchamnan, Sawat Bunnjaweht, David Kpogla,
Dongwook Lee, and lan D. Robertson

V. CONCLUSION N
Index Terms—Cold FET, parasitic elements, vector modulator.

In this paper, we have presented the modified Marcatili method for
the calculation of a rectangular DRW made of uniaxial electrically
anisotropic dielectric material with the optical axis coinciding with the I. INTRODUCTION
axis of the DRW. In a more general case (arbitrary direction of the op-The vector modulator plays an increasingly important role in
tical axis, anisotropic permeability, etc.), equations similar to (2) mayodern communication systems. For example, in a linearized ampli-
be derived and solved using this approach. Equations have been derjygdsystem, a vector modulator can provide simultaneous phase and
without guessing the field distribution. This method is relatively simplgmpmude tuning, rather than applying a variable attenuator cascaded
and sufficiently accurate for a DRW operating far from the cutoff, agith a variable phase shifter [1]. High-performance vector modulators
with the original Marcatili method for the isotropic case. The propaggan be used as the electronic controllable elements for an adaptive
tion constant of an anisotropic sapphire DRW oriented along the optig&lamforming network in phased-array antenna applications [2]. In

axis has been measured. Experimental results show a good agreemigital communication applications, a vector modulator is widely
with those calculated by our approach.
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Fig. 1. Schematic diagram of an analog RTA.

used to generaté—) modulated signals or to perform frequency
translation.

Traditionally, a vector modulator can be realized by two main ap-
proaches in microwave and millimeter-wave applications. The first ap-
proach is based on two orthogonal bi-phase modulators combined with

a 3-dB power combiner. Realizing a circuit with this technique has a L,
3-dB inherent loss penalty. The second approach is based on a vari- L
able attenuator and a 36@ariable phase shifter. Though the second R - c
approach is attractive in terms of having no inherent insertion loss, a ds 'I X
high-performance variable attenuator with a constant phase and a phase

shifter with constant insertion loss are needed. These are notoriously (b)

difficult to design, and laborious amplitude and phase control schemes N .
- . Fig. 2. Circuit diagram of: (a) small-signal model of MESFETs and

are often required for such a modulator. Hence, the first approachwgequivalent circuit of a cold EET

more attractive in terms of realization, especially in microwave and

milimeter-wave applications since the system is composed of a sin

circuit block, namely the bi-phase variable attenuator. ianal trolli h | hich aleO.I. and 0. i
The analog reflection-type attenuator (RTA) was first proposed a &S|gna controfling channels, which a Q. I, and Q, increases
the complexity of the baseband circuitry. For example, a four-channel

applied to a vector modulator by Devlin and Minnis [3]. A variable re- A o | ded instead of the t h | ded f
sistance reflection termination is used so that the attenuation level gﬂl\o' converter s needed instead of the two-channel one needed for
be controlled. The MESFET device is preferred over a p-i-n diode p conventional— modulator. Also, while the vector modulator based

cause of its near-zero dc control power and widespread availability(?H the balanced structure theoretically achieves only 3-dB insertion

foundry processes. However, it has a smaller dynamic range of re§9§-s’ in practice, the insertion loss can be increased considerably due

tance and larger parasitic elements. The balanced, or push—pull, contf?%g-;e combined losses of those nine hybrid couplers. stheof this

uration is one way to remove the amplitude and phase errors cause 'f bltle attetmliaté);; ?'r?ﬁ.ﬂy related th \éVh'tlr? 31% artld fbt“ arfet
the active device parasitics [4]. This structure employs a second attBfif'ectly matched td, . In this paper, we study the eflect ot ransistor

ator operated in antiphase, giving good constellation symmetry, ameters on the modulator performance by assuming that the
;Jhe chip?area islmorelfhan dogglleg g I 4 Y quadrature hybrid coupler is ideal. Fig. 2(a) shows the cold FET and

In this paper, a simple technique of compensating for the Fétﬁ equivalent small-signal circuit. The transistors are operated at zero

parasitics is presented that achieves improved constellation accur [gn—source yoltage. The gate—d_ral_n a_nd gate—sogrce capacna_\nces
=d, Cgs ), Which represent the variation in the depletion charge with

without resorting to a balanced topology. First, the parasitic eleme ) .
of the FET and their effects on the modulator are analyzed in Sé8§pe0t to the applied voltage, are equal because the depletion channel

tion 1l. Section 1l then describes the proposed simplified techniqd symmetrlcal at this b|a§|ng_ point [6], I.&wa = Cys. Due to t.hls’ -
and analyzes the improvement in constellation symmetry between z F:iewce “?Od.e' ShOWI’I.In F.Ig' 2(2) can be reduced to the simplified
bias and pinchoff. Based on the proposed technique, the experimeﬁgaLI"\laler‘t circuit shown in Fig. 2(b). Let

results on a vector modulator demonstrated practically at 1.8 GHz are

le o ;
?esults in higher manufacturing costs. Moreover, the larger number

described in Section IV. Co = Cys + ng . (1)
Il. ANALYSIS OF FET PAaRASITIC EFFECTS ON THERTA The input impedancég;, of the cold-FET device is given by
Fig. 1 shows the configuration of the RTA. The cold FETs are used )

as reflection terminations, which theoretically provide an ideal variable Zin = Rin £ j Xin )
resistor [5]. In practice, parasitic elements (junction capacitances, feed Rin = Ry + Rs + Ras ®)
inductance, etc.) introduce phase and amplitude error, which restricts 14 (wRas - Cr)?

the application of the vector modulator. Previously, the technique Liw=Ls+ Ls 4)
reported to overcome this problem is a balanced structure. Compared o= 1+ w?R3,C2 (5)
with the RTA in Fig. 1, three additional hybrid couplers are required T UWREC,

and an additional complementary baseband coftimtequired. Since

circuit complexity increases, a larger area for the circuit is needed. WhereR,, R; and R4, are the drain, source, and drain—source resis-
implement a vector modulator, the balanced topology requires nitance, respectively?, and R, represent the ohmic contacts and any
hybrid couplers, one Wilkinson divider, eight active devices, and fobulk resistances leading up to the active channel. These two resistances
baseband signal channels. Thus, a large chip area is needed for maneon the order of © [6]. The drain and source inductanc®,, L),

lithic microwave integrated circuit (MMIC) realization which, in turn,primarily resulting from contact pads, are typically less than 10 pH [6].
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TABLE |
LIST OF EXTRACTED CURTICE MODEL PARAMETERS OFCFY30 FET
15 Parameter Value
@ 0.285
3 0.1541
Vro -1.9
180} -
Cg,io 1.891 pF
Cls 0.1 pF
Vii 0.7
21

difference can be set to 180Secondly, a shunt resistor is introduced
to equalize the magnitudes B atV,, = 0 and pinchoff.

270

Fig. 3. Effect of parasitic capacitances Dg.
9 P P " A. Effect of External Inductance dhr|

. . ) ) If an external series inductanée is deliberately applied, connected

The drain—source capacitan@@.s) is related to the geometric capac-y; gjther the drain or source, then is obtained as follows:

itance between the source and drain electrodes.

The gate resistancd?, ) and inductancéL ) result from the metal- S c 2 A
lization of the gate Schottky contact and metal contact pad. They have || = \/(ZD - Rds)o + (whas ’CZ")O T ¢ )
no effect onZ, since they are absorbed by a large gate biasing re- (Zo + Ras)® + (wRasCr Z,)* + A
sistor, which treats the transisto_r gate as an open cir(_:uit. Consequently, 2w, [RﬁsCx —IL,- (1 + »'QRﬁsCi) ]
only the two model elements, i.&.q and R4, are bias-dependent (Tr = tan * (10)

cold-FET parameters. (28 = Ri) + (wRasC2Z,)? = A

From (3), the fixed parasitic resistances directly affé&t and
simply lead to an increase in insertion loss. The effect of parasitéiereA = w?*[L%(1 + (wRa.C.)*) — 2R3,C. L.].
inductance dominates as the applied bias is approaching zero sincéhe inductancel. is used to control'y at Vg = 0, and causes
Ci, becomes large. Since these parasitic inherent effects are small, 0y a small change dfr when the FET is biased near pinchoff. In this
assume that these parameters are negligible. The equivalent circuigftion, the sensitivity dT'r| with L.. is investigated. If the sensitivity
the cold FET will be reduced to a parallel circuit ford4, andC,). of [['+| is very small, this implies that the effect &f, on|T'r| is also
The input impedance of this circuit (2) can be written as negligible. The sensitivity definition is applied to prove this for the bias
voltage near pinchoff. Les/*! e the sensitivity of a parameterto

1 a functionf[z], which is defined as follows [8]:

Tp=—
1 + (chlsCJT)2

(Ras — jwR3.Cy). (6)

g1l = 9lufla] (11)
. dlnx
Consequenthy['r is given by
Hence, applying (11) td"r| with respect ta_.., we obtain the sensi-
tivity function shown in (14). Thus, for a bias point that is very close

(7) to pinchoff(Ras — o0)

|r | = (Zo - Rgs)? + (WR(]sC'rZo)Q
TV (Zo ¥ Rio)? + (wRaCl Z,)?

1 QUJRiscern
(22 — R2) 4+ (wRasC2Z,)?"

(Tp = tan™

Rys—o0

®) SET(Ves = Vio) = lim ST =0. (12)

ds

) o Also, at zero biasRq. is very small( Rq. — 0). Hence, (13) and (14),
Fig. 3 shows the effect af’. on the characteristic dfy foran FET  shown at the bottom of the following page.

with the parameters listed in Table I. It is shown in the result that the Thjs implies that adding... to the termination circuit has no effect
existence of capacitance causes the phase trajectdty af pinchoff o |1,| at zero and pinchoff bias points.

voltage (Vo) to deviate from the real axis. Hence, 286hase dif-

ference cannot be achieved. THhig characteristic is not suitable for B, OptimumL,, for a Bi-Phase Modulator

a hi-phase and vector modulator implementation. The bias-depende

model parameter is now considered. Here, we use the Curtice F;ﬁ)pg%zgfféztcjtusgznabzg?Ief;:iitn; dcgazgﬁigériyh?:; \i\slhllscf? renaz;kes
model to analyze the cold FET. It is shown tHat, increases when ’ * P y 9%,

Vis is more negative since the channel is narrowed. ConveriSglyis the|T'z | trace move upward to the upper plane of the Smith chart. We

. . - . . study this by applying different values d@f, to the device (CFY30
decreased wheVi,, is more negative since the charge in the depletloa_ab?'e ) Fié 4pzr)1/ovx?s th&r obtained by applying valueg betwe?en
region is smaller. ' '

L, = 0andL, = 3 nH. It is shown that the positions df; at

Vs — 0 depend on the value df., and|I'r| is also improved due
[ll. PROPOSEDTECHNIQUE TOIMPROVE THERTA to the reduction inX;,,.

The technique presented here to compensate for the FET parasiticsh€ optimum value of.. is obtained by considering the phase dif-
in the vector modulator has two parts. Firstly, a series inductancef@§ence oflr, which should be 180between the two extreme biasing
introduced, which moves the left half of tife- trace to the upper half Points, i.e.Ve. = 0 and near pinchoff voltage, i.e.,
of the Smith chart, while only causing a small changE'inat the bias

near toVro. By optimum choice of this added inductance, the phase (UTr)veg — (LT ) vy vpg = T (15)
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Fig. 4. Effect of additional series inductanfe onT' 7.

At V. = 0, the value of parasitic resistance and drain—source resk$g. 5. Proposed vector modulator.
tance are very small compared with the reactance of the external in-

ductance. Hence, we can simpliif’r for this case as for the vector modulator is shown in Fig. 5. This modified RTA gives

improved performance and can be used as a bi-phase amplitude modu-
(16) lator and in a vector modulator, without resorting to the large balanced
topology.

Applying this structure to a complete vector modulator, the full’360
phase rotation is achieved with very few additional components. It
should be noted that the nonlinear phase and amplitude tuning charac-
teristic can be corrected. One possible approach to correct this problem
(17) is by applying a predistortion function, which is straightforward to im-

plement in software or by applying predistortion circuitry.

Substituting (17) and (16) into the condition defined in (15), we then

~ —1 _2L(JZDL'I
(er)\/ggzo ~~ tan m.

As the bias is close to pinchoff, the reactance resulting ffonis very
small when compared witR 45 andwC..; hence, (9) becomes

f 2wZ,Cy R3,
Zg - R?ls + wRdsCa‘,Zg ’

(LTT)v,—Vipo = tan”™

obtain the optimum value of.., which provides a 180phase differ- IV. M EASURED PERFORMANCE
ence of[', as follows. The implementation is performed with a packaged CFY30 device,
SinceRs at pinchoff is very large, we can then approximate (19) aghich hasf.... = 12 GHz. All the circuits are realized on a printed
follows: circuit board (PCB) using microstrip transmission lines. The substrate
. is epoxy glassi{ = 1.6 mm, e, = 4.55, FR-4). All hybrid couplers
L. lim L,— V1+4w272C, (Vro)? - 1 (18) are realized using two 8.4-dB couplers connected in a tandem fashion
Rge—oo 20 (Vro))w? [10] to obtain a 3-dB coupler. A complete vector modulator based on

the proposed technique is constructed. Fig. 6 shows the photograph of

Fig. 4 shows that the best phase trajectory is obtained with1.4  the vector modulator. All the lumped elements on the PCB are sur-
nH, which agrees with the optimum value of 1.33 nH obtained frofce mount (type 0805). The small external inductors are realized by
(18). Itis also evident from Fig. 4 that the extra inductance providesgamicrostrip line and taking the via-hole connecting line into account
better dynamic range of attenuation sidcenow passes very close to (1 mm a 1 nH). The parasitic inductance from via-holes is minimized
the center pOint of the Smith chart. by using para”e| via-holes.

The measurement is performed with an HP 8510C network analyzer
test system. The,; ands»» of the vector modulator are well below

The amplitude imbalance betwe&p, = 0 andV,s = Vo oc- —15dB at 1.8 GHz (see (19) at the bottom of the following page).
curs due to the existence of small parasitic resistances at the drain arféig. 7 shows the measurement results of the vector modulator using
source, which will dominate when the FET is zero biased. Normallihe proposed technique. The dynamic range of this vector modulator
the|I'y| atVgs = 0 is smaller thanI'; | near pinchoff. To correct this, is from —5.2 to —60 dB and a full 360 phase rotation is achieved.
a shunt resistor is applied at the drain to reduce the overall impedafite amplitude and phase imbalance at 1.8 GHz are well below 0.4 dB
when the FET is biased near to pinchoff. This decrease$lthpat and 3. The amplitude and relative phase frequency response of the
pinchoff to the|l';| value obtained when zero gate—source bias is aproposed vector modulator for eight different bias points are shown in
plied. The full schematic diagram of the proposed improved technig&e. 8(a) and (b), respectively.

C. Shunt Resistor to Correct Amplitude Asymmetry

ST (Ves = 0)

lim §)"7I =0 (13)
ds ™
; 2 IR2.C2) - R2.C.
SLFT\ _ 4ZURdsu« [LLL' (1 + Rdscx) RdsC~L) :| (14)
© (20— Ba)? + (@RaCoZo)? + A) - ((Zo + Ba)? + (@RaCa Z,)? + A)
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Fig. 6. Photograph of the improved vector modulator.
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Fig. 8. (a) Amplitude and (b) relative phase response of the proposed vector
modulator.
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_1 Z3(1+ wRasCr) — Ri. + /Z2(1 + wRasCy)? + RE, (14 4w?Z2C2) — 2wR3 C. Z2 — 2R3, Z?

L,
2 (WRds)ZC;L'
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