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An Antenna Diversity MMIC Vector Modulator for
HIPERLAN with Low Power Consumption
and Calibration Capability

Frank Ellinger Student Member, IEERJrs Lott Member, IEEEand Werner Bachto|d-ellow, IEEE

Abstract—The design and performance of a vector-modu- amplitude. Phase shifters are needed to control the phases of
lator-based phase shifter for high-performance radio local area the signals.
networks at 5.2 GHz is presented in this paper. Low power con- In the past, a variety of different techniques for phase

sumption is achieved using a 0.6sm GaAs MESFET process. At e . .
a voltage supply of 1.4 V and with a current consumption between shifting has been reported. Switched high-pass(HP)/low-pass

3.5-7 mA, the gain is 0.6 dB and the 1-dB input compression (LP) phase shifters [3], reflective-type phase shifters [4], and
point is —9 dBm. A full 360° phase control range is achieved by vector modulators [5] are among the most important techniques
combining two of the three vectors, which have phase offsets of ysed. Especially for high phase resolutions, switched HP/LP
120, with variable amplitude. Chip size is only 1.3 mnf. The —yhaqe shifters require a lot of space and are not suitable for
proposed vector modulator applies a new circuit configuration of . . . . .
variable-gain amplifiers to compensate their transmission phase low'C?OSt designs. R?ﬂeCt'Ve'type phqse shifters, which mainly
errors. Within a gain control range of 20 dB, the phase error can consist of a 98-hybrid and varactor diodes, are also not well
be reduced to£3°, which is about a factor of eight better than the suited for MMIC integration. The reason is that the quality
results obtained by single FET amplifiers. A simple calibration factors and capacitance control ranges of varactor diodes of

procedure for the proposed vector modulators is presented 10 ot foundry processes are relatively bad, resulting in high
improve the manufacturing yield and to decrease the impact due . '
losses and limited phase control ranges.

to temperature changes and aging. A maximum gain error of .
+0.8 dB and a maximum phase error of+7° has been measured ~ Vector modulators can cover a phase shift of 3@@e able to

after applying this calibration to the designed vector modulator. ~ provide gain and are well suited for MMIC integration. Signal

Index Terms—GaAs, HIPERLAN, MESFETs, MMIC, phase Paths with defined phase offsets (usually)3dre weighted and
shifter, smart antennas, vector modulator. combined to obtain the desired phases. Variable-gain amplifiers
are required to control the amplitude of those paths. The gain
should be a linear function of voltage and the phase deviation
across the assumed gain range should preferably be equal to

T IS WELL known that adaptive antenna arrays can efero. The amplitude of the amplifiers can be set by analog con-

fectively reduce intersymbol interference in receivers fdrol voltages. Usually, those voltages are read from a lookup
wireless local area networks (LANs). The high-performandable.
radio local area network (HIPERLAN) plays a growing role in Due to variation of transit frequencies, threshold voltages,
wireless LAN systems [1]. It has an allocated frequency barmahd temperature changes of the environment, the variable-gain
from 5.15 to 5.3 GHz with a signal bandwidth of 23.5 MHzamplifiers can have significant gain and phase deviations when
per channel. To compete with an alternative concept usingusing a nominal lookup table. This causes unacceptable ampli-
baseband signal equalizer, low power consumption and lemde and phase errors for the resulting output vector of vector
costs are postulated for adaptive antenna receivers. With thedulators. A selection of circuits with nominal characteristics
rapid development of monolithic microwave integrated circuitsas to be made or an individual lookup table for each circuit has
(MMIC) on semi-insulating GaAs, there is now the possibilityo be created to obtain satisfying resolutions, resulting in low
to significantly reduce the size and costs of such receivers. production yields and high costs.

Fig. 1 shows a typical architecture of an adaptive antenna reA calibration can be used to reach a high yield within
ceiver. Different active antenna paths are combined after beimgpcess and temperature variations. However, such calibration
adjusted in amplitude and phase. Single-pole double-thr@rocedures are relatively complex because the amplitude in
(SPDT) switches can be used to switch between the antemwaaiable-gain amplifiers cannot be controlled without influ-
input signal and a calibration signal. Passive attenuators escing the phase [6].
variable-gain low-noise amplifiers [2], which are well suited This paper proposes a method to reduce the phase error in
for MMIC integration, are used to set the required signafriable-gain amplifiers to enable a simple calibration proce-

dure for vector modulators. Due to the small phase errors of the
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Fig. 1. Adaptive antenna receiver.

[I. TRANSMISSION PHASE CHARACTERISTICS IN Va
VARIABLE-GAIN MESFET AVIPLIFIERS
Variable-gain amplifiers are required to control the amplitud 5pF Ve
of the different phase paths of a vector modulator. Dual- at ? 1onH
single-gate MESFETSs can be used for this purpose. Madial — SpE
al. [6] showed that the phase error in dual-gate MESFETs 5000 S F—e Ou
higher than in single-gate MESFETSs. Our simulations indica
the same results; thus, we use single-gate MESFETs forthev.In ~ @— f—"" E-FET
able-gain amplifiers. Simulations are performed with HP Libr 5pF 2nH |__|_ w=150pm

using a modified TOM Il large-signal model [7] for a Triquint

TQTRx enhancement MESFET (E-FET). With respect to theg. 2. Schematic of the variable-gain amplifier, the gain can be controlled by
original TOM Il model, this model shows significant improve-Ves or Va.

ments, especially in the resistive region.

A typical variable-gain amplifier with a single MESFET in a 15 130
common source configuration is shown in Fig. 2. The gain can 10 120
be reduced by decreasing the gate—source volttgg or the m s //‘\ ¥ 1o 5
drain voltagg(Vy;). The operation frequencgy’) is 5.2 GHz. An = A 100 @
E-FET with a gatewidth of 150m and a gate length of 0,6m B s / \;" 90 é
is used, the nominal threshold voltage of the FET is 0.14 V. Input 10 / N, 80
and output are reactively matched to@0The circuit is biased A5 [ \\‘ 70
by a resistor at the gate and an inductance at the drain. 20 60

0 0.1 0.2 0.3 0.4 0.5
A. Varying the Gate—Source Voltage with Fixed Drain—Source Vo V]
£gs

Voltage (Amplifier A)

Fig. 3 shows the simulated phase and amplitude characterisiic 3. amplifier A: simulated phase and amplitude characteridtic. is
of the variable-gain amplifier when the gate—source voltageviwied,Vy = 1.5 V, andf = 5.2 GHz.

varied and the drain voltage is fixed. Within a control voltage

from 0 to 0.5 V and a corresponding amplitude control range 20 110
of 20 dB, a phase deviation af24° is generated. The phase 15 — 100
increases up to an attenuation range of 13 dB; for higher atten- 10 > 90
uation ranges, the phase decreases. m 5 / — g0 &
= 0 / 70 g

B. Varying the Drain—Source Voltage with Fixed Gate—Source ¥ 5 60 &
Voltage (Amplifier B) -10 50

Fig. 4 shows the simulated phase and amplitude characteristic ;z / :2
of the variable-gain amplifier when the drain voltage is varied 0 03 06 069 12 15
and the gate—source voltage is fixed. Within a control voltage VaIV]

from 0 to 1.5 V and a corresponding amplitude control range

of 29 QB, the pha§e decreases with decreasing gain and a Pfﬁ’gs.%. Amplifier B: simulated phase and amplitude characteridtic.is
deviation of+30° is generated. varied,V,. = 0.25 V, andf = 5.2 GHz.
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Fig. 5. Schematic of the proposed amplifier: amplifier A (right-hand side) and amplifier B (left-hand side) are cascaded, the gate bias of aswii@lizd
using the circuit shown in Fig. 6.
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Fig. 6. Bias circuit to decrease the influence of threshold voltage variations. —30.0 A
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Fig. 8. Simulated phase and amplitude characteristic of the proposed amplifier

se-© [ 80-° (Fig. 5) for different temperaturdd’). f = 5.2 GHz.
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Fig. 7. Simulated phase and amplitude characteristic of the proposed amplifier

(Fig. 5) for different threshold voltagés’iy). f = 5.2 GHz. Fig. 9. Vector addition: every phase with amplitutig can be obtained by
weighting two of the vector¥y, Vizg0, andV_qzg0.

C. Proposed Circuit to Suppress the Transmission Phase Error

The phase errors of amplifiers A and B would create unac-
ceptable phase and amplitude errors in vector modulators whefVe propose the following principle to suppress the phase
a nominal lookup table is applied, or would require a complexror of variable-gain MESFET amplifiers. A suitable combina-
calibration procedure for compensation. tion of the phase characteristics of amplifiers A and B enables a
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Fig. 10. Simplified circuit schematic of the vector modulator, the gate bias of the power divider FETSs is generated using a bias circuit simgaotertirat
Fig. 6.

compensation of the phase errors. We utilize the fact that, up to [ll. V ECTORMODULATOR
a limited, but sufficient attenuation range, the phases of amp&—
fiers A and B change in the opposite direction. '

Fig. 5 shows the proposed circuit, which is a cascade cir- "€ Vector modulator has been designed for minimum dc
cuit of amplifiers A and BV,ono1 CONNeECts the drain—sourcePOWer consumption and chip size. A gain of about 0 dB is de-

voltage of amplifier B with the gate—source voltage of amplifiefi€d- The HIPERLAN receiver requires an 1-dB input compres-

A. A voltage divider is applied to set the optimum gate—sour@&ion POINY( L1 ascomp., mput) Of —20 dBm. If we assume that a
voltage of amplifier A. The dc operating point of amplifier gvariable-gain low-noise amplifier with a maximum gain of about

can be influenced by a drain bias resistor. The transition poiHf dB i located in front of the vector modulator, the requirement
from the saturation region to the resistive region can be adjus{@f e 1-dB input compression point of the vector modulator
with this resistor to influence the corresponding phase charag @PProximately—10 dBm. A previous work [8] showed that
teristic. Our simulations showed that phase and amplitude chB2s€ and gain resolutions of approximately” and+0.5 dB
acteristics are highly influenced by the variation of the threshofi€ réasonable demands.
voltage. A gate-bias circuit (Fig. 6) and a dc feedback in the
source are applied to amplifier B to decrease the influence Bf Design
threshold voltage variations. Usually, four signal paths with phase offsets of @@e used
The simulated phase and amplitude characteristic of the pfor vector modulators. To minimize chip size and control com-
posed amplifier is shown in Fig. 7 for threshold voltages of 0.pJexity, we use three signal paths with phase offsets of 50
0.14, and 0.2 V. Within a control voltage from 0.6 to 1.75 V an&very desired phase within the 3gthase control range can be
a corresponding gain control range of 20 dB, the phase variatiotained by weighting the amplitudes of two of the three phase
can be reduced t&3°. Fig. 8 shows the influence of temperapaths. This is illustrated in Fig. 9 for the phase control sector
ture changes withie=30°C. The circuit is relatively insensitive from 0° to 120. Adequate characteristics are obtained for the
to temperature variations. We also investigated the variationfiase control sectors fronf @ 120 and —120 to 120, re-
other MESFET parameters within process tolerances. Simutgectively.
tions show that their impact to the functionality of the proposed The simplified schematic of the designed vector modulator
principle is negligibly small. is shown in Fig. 10. The circuit was fabricated with the Triquint
The proposed principle is successfully applied to the design€QTRx foundry process, which provides inductances with a
vector modulator described in Section Ill. quality factor of about 20. Low power-consuming enhancement

Requirements
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Fig.11. Measured phase (solid line) and amplitude (dotted line) characteristj . . _
of each of the three paths, when the other paths are switched off. sﬂgauﬁ{or l:;;n;atlrl]zegroaprggggug:"t\)/raartliaot:ﬁn and phase error of the vector

C. Calibration

To reach a high yield within process variations and temper-
ature changes, a suitable calibration is required. A calibration
signal can be fed as shown in Fig. 1. We assume that the base-
band signal processor can be used for the calibration algorithms.
The calibration of the vector modulator can be repeated in de-
fined time intervals to adapt to temperature variations of the en-
vironment.

With the assumption that the phase variations of the vari-
able-gain amplifiers are negligible, we propose the following
calibration procedure.

1) Measurement of the transmission amplitude of each of
the three vector paths versus the corresponding control

Fig. 12. Photograph of the vector modulator MMIC (chip si28.9 mm x voltage, which is swept from 0 t8,,.x (0-1.4 V), while

1.4 mm). the other two vector paths are switched off (control volt-
ages are 0 V).

2) Measurement of the transmission phase of each of the
three vector paths at one base control voltage (0.9 V),

FETs with gatewidths of 5¢:m and gate lengths of 0.6m

are used to divide, respectively, to combine the signal paths. . X

The 120 phase offsets of the signal paths are generated by HP while the other two vector paths are switched off (control

and LP structures with an impedance of approximately 200 voltages_ are 0 V). .

This high interstage impedance has two significant advantages.?’) C?alculaﬂon of the_requwed _control voltages fo_r_ the d_e—

First, large-signal simulations predict a better intermodulation sired phases fand fixed amplitude by vector addition using

behavior for the low current operation of the power divider the data obtained from 1) and 2).

FETs. Second, no interstad€c matching is necessary. Note

that the bias resistors with relatively small values improve tffe Results

matching. The amplitudes of the signal paths can be controlledA lookup table was created by measurements to verify the

by the analog voltagesy, Vo andVrp within a voltage range proposed calibration procedure. A fixed amplitude was set

from 0 to 1.4 V. The power divider/combiner FETs are used &S»; = 0.6 dB). The obtained values were compared with the

variable-gain amplifiers similar, as explained in Section Il-Gjalues given by the proposed calibration procedure. Fig. 13

to suppress the transmission phase error of the paths. Input ahdws the amplitude variation (normalized to the expected

output areLC matched to 5032. Fig. 11 shows the measuredamplitude) and the phase errors versus the expected phase. The

phase and amplitude characteristics of each of the three sigmalximum phase errors are withif7°. The amplitude variation

paths, when the other two paths are switched off. Withis smaller thant-0.4 dB. Note that the corresponding maximum

amplitude ranges of 15 dB, the maximum phase errors are oghin error is+0.8 dB.

+4°, The deviations obtained using the calibration procedure are,
A photograph of the vector modulator chip is shown im particular, caused by the nonideal power divider/combiner

Fig. 12. The chip was bonded on a test substrate. The requifedction of the MESFETs and the nonconstant phases of the

chip area is only 1.3 m paths.
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TABLE |
MEASURED PERFORMANCES OF THEVECTOR MODULATOR AT 5.2 GHz WSING THE PROPOSEDCALIBRATION
Vsupply Toupply P 148 comp., inpur Gain Chip area Gain Phase
resolution resolution
£144V.. 5V] | [3.5mA.. TmA} >-9dBm 0.6dB ~1.3mm’* +0.8dB +7°

Table | summarizes the measured performance of the vectofs] F. Kénigsstein, “Development and assessment of algorithms for
modulator. The design goals are fulfilled with a power consump-  the adaption and calibration of an antenna array,” Diploma thesis
. . . (in German), Dept. Telecommun., Univ. Saarbriicken, Saarbriicken,
tion of Ies§ then.10. mW using a 1.4-V supply. T.he ;—dB iNpUt  Germany, 1999.
compression point is higher than® dBm. The noise figure is

better than 7 dB and the gain is 0.6 dB.

IV. CONCLUSION
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