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Direct Multilevel Carrier Modulation Using
Millimeter-Wave Balanced Vector Modulators
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Abstract—The importance of being able to design afford- TABLE |
able, high-performance, millimeter-wave transmitters for digital PERFORMANCE SUMMARY OF RECENTLY
communications and radar applications is increasing. To this RePORTED DIRECT CARRIER MODULATORS

end, two monolithic millimeter-wave vector modulators have

. . A . Type Modulation | Frequency Others
been realized at 38 and 60 GHz for use in direct multilevel
carrier modul_atlon. It is shown that, by employing balanc_ed SPDT ;;v]llchmg BPSK 1.7GHz 1© phase and 0.2 dB amplitude
biphase amplitude modulator elements, accurate constellations imbalance
are achieved with broad-band operation from 20 to 40 GHz and  1-Q type with RT QPSK 8~12 GHz +10° ohase error
55 to 65 GHz. Modulations of 16- and 256-QAM have been (8l see
demonstrated, both at 38 and 60 GHz, using this technique. "Q‘YP;‘]V““ RT | QPSK 8.2 GHz +8° phase error
Each balanced biphase amplitude modulator uses a pair of 1-Q type with QPSK 357G S
reflection-type attenuators operated in push—pull mode. This DBM [4] 4" phase imbalance
study investigates the suitability of this topology for use as a full I-Q type with 64-QAM | 5.9~8.5GHz +1.5° onase error
biphase amplitude modulator for multilevel digital modulation SBM [3] -0 F
schemes. It is found that the technique is very robust and Phase QPSK 4~18 GHz
. K shifter/attenuator
the resulting analog vector modulator can be a very important ype 7]
component for many future millimeter-wave applications. Phase QPSK 16.7-17.8 6.5 dB insertion loss
. . - . . shifter/attenuator GHz
Index Terms— Communications, millimeter-wave circuits, type [6]
MMIC'’s, vector modulator. 1-Q type with RT BPSK 94 GHz 4 <0
[12] X 57 phase error
I-Q type with RT | 256 QAM, 30~40 GHz 5dB insertion loss
Presented in this 16 QAM, and 0 N
I. INTRODUCTION T paper QPSK 55-65 GHz * 2" phase error

+0.3 dB amplitude imbalance

IRECT modulation of the carrier signal [1], [2] has been
shown to be an attractive means of reducing hardwareRT : reflection termination , DBM : Double Balanced Mixer and SBM : Single Balanced Mixer
complexity and cost for wireless applications. If a conven-

tional microwave mixer is used to upconvert the modulate(glco) or one of several small-shift frequency translation

;lgnal from a low f_requenc_y to the transmission fr_equenc echnigues available. For quadrature modulation schemes such
it would be impractical to filter out the unwanted sidebands. quaternary (or quadrature) phase-shift keying (QPSK) and
at the carrier frequency. As a result, a transmitter usually - . .o amplitude modulation (QAM), an in-phase chan-
;?qlé':ssf.ﬁgr;Far:gil:‘:]atﬁfretznom edebé/r ioﬁog.ﬁ!ﬁ]xet(:_a'g el and guadrature-phase channel (I-Q) vector modulator is
IXers, M ' pimers. However, - w V?Nidely used [3], [4]. Recently reported direct carrier frequency

lications wher remains a major f r restricting th . .
applications where cost remains a major factor restricting trr%eodulators performances are summarized in Table I.

widespread use of wireless systems, direct modulation is . .
. - . . here are two generic types of microwave vector modu-
very attractive means of realizing low-cost transmitters. Slm%

; ; . tors. The first is the cascaded (ar¢) modulator, which
modulators for schemes such as amplitude-shift keying (AS imply consists of an attenuator in cascade with a phase

bI':nsaéy phasg—shdm k_eylnj] (B.PSK)’ ang frequencyf—sthlfthkgyln&iﬂer [5]. The second is the tandem modulator, which consists
( ) can be designed using a wide range of tec NIQUEs- 5 phase-splitting power-divider that creates either two or

ASK modulators could employ switches, BPSK modulator, . L .
. X our channels, which are individually amplitude modulated
could use 189 phase shifters, and FSK modulation can b . . .
nd then power-combined in-phase. With the former type,

achieved with either a switched voltage-controlled oscnlatc\)l\ghich is commonly referred to as the I-Q vector modulator
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necessary to explain this behavior in detail by characterizing
Output the variable resistance elements and then investigating the
practical performance of the biphase amplitude modulator.

Lange Coupler

COLD pHEMT [I. CoLD-pHEMT CHARACTERIZATION
AS VARIABLE

RESISTANCE Variable resistors are found in adaptive circuits and general

microwave signal processing applications. Examples include
tunable active inductors [11], [12], group delay synthesizers
Fig. 1. Circuit topology of a direct microwave biphase amplitude modulat([ﬂ_?)] balanced modulators [6] [13] anal@gattenuators [14]

I t. ! . ’ ” !
elemen and SPDT switches [15], [16]. Traditionally, current-controlled

PIN diodes are used to realize a tunable resistor with hybrid

be simply generated using two BPSK modulators. A COMMQRc echnology. However, due to the more expensive foundry
technique for realizing a BPSK microwave modulator is t rocessing and the significant control power required, PIN

employ a reflection topology using a Lange coupler wit iodes are not often used in monolithic applications. With

P_IN diodes or F!iT’S aCtmg as.swnchers] on ;\he co.upr:ed a'ﬂﬁjMIC technology, a tunable resistor can be realized using a
dlrecrt_] ppdrts,lasll UStrathd in Fig. %;f When the switc hes ARItage-controlled cold-FET [6], [11]-[14], [17]. Here, no dc
ON, the ideal voltage reflection coefficient sl (i.e., a short y.q'is anpjied to the drain termination of a standard FET. A
C|rcu!t)_, an(_j when they arerr, the |_deal voltage refleguon variable voltage is applied across the gate—source terminations.
coefficient IS—|-—1 (i.e., an open circuit). The reflepted &gnalwth a depletion-mode FET, the depletion region expands
add'constructlve_ly atthe OUtPPF port only. In_ prqcuce, h.owev%hen the negative bias voltage increases. As a result, the drain-
at high frequencies the parasitics of the switching devices stgqf,.ce channel resistance increases. When the bias voltage
to domw:jatre]z. thhe Series m_ductarl_c%;ld re5|s_tanceh|m|&hhe is equal to the pinchoff voltage, the channel resistance will
state_an _t es unt_ capacnanc_e n state (i.e., when the be very large. Ideally, the cold-FET has zero drain-source
_FEfT '? blas_gd ?t pmchoffff). T?'S m(;anhs thatl_th‘; perfgrmﬁnf:(%istance at zero bias and infinite resistance at the pinchoff
IS far from ideal, as 't_ sufiers from both amplitude and p! a%ltage. In practice, however, the channel resistance at zero
errors. It is very difficult to tune out these parasitics in 8is is much larger than zero (due to contact and access

wideband design. resistances), and although a very large resistance is obtained at

A W-band balanced BPSK modulator employing switcheg, ot the overall impedance is dominated by the reactances
amplifiers was reported by Let al. [9]. Here, a pair of ampli- of the inherent shunt capacitance.

fiers is configured in a topology similar to a balanced ampilifier, GEC-Marconi's commercial H40 pseudomorphic HEMT

employing input and outpyt La_nge coupler_s. H.owever, ﬂlﬁ’ocess was used for this study. Here, 0;26 gate length
output is taken from the isolation port, which is norma”YAIGaAs/lnGaAs PHEMT's are fabricated on 3-in diameter

termina_lted with a “dummy” load. As a result, if the amplifier%md 100pm thickness wafers. Accurate modeling of cold-
are switchedoN and oFr in a push—pull mode, then a BPSK HEMT's was performed using one-poft-parameter mea-

signal is generated at this isolation port. A practical drawba Iﬁrements of a % 60 um cold-pHEMT. The source termi-

of thi§ approach is_t'hat the input and Qutput impedanﬁ%tion was grounded and the reflection coefficients measured
matching of the amplifiers change when switched. This upselSihe drain termination for gate bias points between forward
the symmetry of the circuit and introduces amplitude and phageq ang pinch-off. A simplified one-port equivalent circuit
errors. In an expanded paper, &bal.introduced an alternative model for the cold-pHEMT requires only two bias dependent

solution employing reflection-type switching elements inSteaéi‘ements Rr and Cp) as illustrated in Fig. 2(a). The mea-

of switched amplifiers [10]. Since the reflection-type circu'gured and fitted values dt;» andCp, as functions of the gate
maintains good port matc_hing in either state, the amplitu ltageV,, are shown in Fig. 2(b) and (c), respectively. A good
and phase error problem is overcome and an almost perfegh imation is obtained between the measured and fitted
response can be achieved. The natural cancellation properfies s 1t can be seen that the cold-pHEMT acts predominantly
of this balanced modulator ensure broad-band _o_perat|on wgg a variable resistor (having a resistance varying fron210
near perfect BPSK performance, even at millimeter-wayg, v, g 1 163 with a small shunt capacitance (having a value
frequencies. varying from 50 fF down to 17 fF).

_ For multilevel QAM, anl-Q vector modulator is real- e hias dependenk, and Cp have been characterized
ized employing two balanced biphase modulators operatedulgring the following empirical equations:

quadrature. Each biphase modulator has to be operated at a

number of different amplitude settings (e.g., two settings for Rp =ax{b—tanh[e(V,+d) + €]} (1)
16-QAM and eight settings for 256-QAM, each witli @nd

180° phase offset) and still needs to be operated in a push—pifierea = 2800, b = 1.0038, ¢ = 5.214, d = 0.4803, ¢ =
mode. However, unlike the BPSK case, there is no guaran 8.

_that the constellation_ is per_fect: While the bala_mce qf the circuit Cp =ax*[b+tanh(cV, +d)] — e )
is perfect for any pair of diametrically opposite points on the

constellation, it is not always the case that all the differemthere & = 0.014954, b = 2.201, ¢ = 2.8012, d =
pairs of constellation points line up together properly. So it 6925, ¢ = 1.537 x 10~*.
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Drain For identical reflection terminations and an ideal coupler,
l ] J_ the S-parameter matrix of the circuit is given by
Cp(v)
0.03 pF

0 —4I
$ ko 5= 7] @
40 Ohm i . i
wherel'r = the voltage reflection coefficient of the reflection

termination.
The resultant phase shift of the device is given by

0.065 nH

0.016 nH

/Ss1 = /Ty — 90° ().

@ It can be clearly seen from (4) how the phase shift of the
R;(Ohms) /Log scale circuit is dependent od'r. For the parallel connection of
b the intrinsic resistancé&lp and capacitanc€’r of the cold-
10000 r p r

[Measured R ] pHEMT, as illustrated in Fig. 2(a), the reflection coefficient is
[Fear - | simply given by
Yo—Yr
I =—— 5
" Yo+ 1y ®)
where Yy = reference admittance standard for the system
(Yp = 1/50 € in most cases)
,Voltage(Vg) /
0.5 1 Yr = Gr + jBr = (1/Rp + jwCp). (6)
Hence the reflection coefficient can be expressed as
X r Y? - G2 - B2 . 2BrYo
[ o =T T = -7 .
(Yo + Gr)’+ B2, (Yo + Gr)’+ B2
IMeasured C l (7)
[Fiveac - | The attenuation and the phase can be obtained from
7|
0.01 2 2
Y? G2 - B2 2B1Yy
Voltage (Vg = 2 2 + 2 2
-2 -1.5 -1 —0.5 0 0.5 1 (Yo+Gr) + DB (Yo+Gr) + B7
© (8)
Fig. 2. (a) Equivalent circuit model of the cold-pHEMT, (b) resistafiBe- )
against gate bia§Vy ), (c) shunt capacitancg”p ) against gate bia&l7y ). and
—2Yy B
/T = tan™! <—T) ©)
lll. SIMPLE MODULATOR Yo" -Gz — By

The circuit topology of the simple, single-stage modulatorhe above equations clearly show that the unwanted amplitude
used here is based on the well-known reflection topology, asd phase variations of the modulator will be dictated by
illustrated in Fig. 1. The basic principle is th&,; of the the bias dependency of the intrinsic resistance and parasitic
reflection termination is transformed into the, of the circuit. capacitance of the cold-pHEMT. Using these equations, a
Hence, a pure variable resistance would lead to a variaigith’s chart plot ofS;; against bias can be determined, as
S, amplitude, achieving both positive and negative sign#lustrated in Fig. 3. It can be seen that the constellation is far
Therefore, S,; = 0 when the impedance of the reflectiorfrom ideal, suffering from both amplitude and phase errors.
termination is set to 5d2. Identical reflection terminations
are connected to the direct and coupled ports of the250- IV. BALANCED MODULATOR

Lange couplers, with the other two ports forming the circuit’s |t is possible to remove the amplitude and phase errors
input and output. The incoming signal at the input port isaused by the parasitics of the pHEMT’s by using a balanced
split equally between the direct and coupled ports, with @ 9¢hodulator. The balanced modulator employs two reflection-
phase difference. A further 3-dB split and°9hase difference type modulators operated in a push—pull mode [9], [10],
is introduced when the waves are reflected back through {19)], [20]. The input signal is effectively split using a balun,
coupler. When the two reflected signals are superimposedaati the outputs from each branch, which are driven with
the input port they are in antiphase and, thus, cancel. At tbemplimentary control voltagess(and S), are combined in-
isolated port of the coupler the two reflected signals are iphase. The combined output is the vector sum of the two
phase and, thus, reinforce each other to form the output sigriednsmission coefficients. Since one brancbnsand the other



2614 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 46, NO. 12, DECEMBER 1998

Lange Coupler

Input © O Output

S

ON

COLD pHEMT
AS VARIABLE
RESISTANCE

Freq = 38.0000000 GHz (@

Fig. 3. S; of standard single-stage reflection-type BPSK modulator using
FET switches.

vector sum

iS OFF, or vice versa, the response is now totally symmetrical
with an ideal balun, even at millimeter-wave frequencies.

Since baluns are difficult to implement in monolithic tech-
nology, it is easier to use two Lange couplers to realize the ON (b)
180 operation. One coupler is placed at the input and the other \
at the output of an arrangement similar to a balanced amplifier, \
as shown in Fig. 4(a). The cold-FET reflection terminations 4
are fed with complimentary control/baseband signals. Since OFF (b)
Lange couplers are almost ideal, the balanced modulator gives
near perfect amplitude and phase balance. The operation of
this arrangement, in a BPSK mode, is illustrated in Fig. 4(b). (b)

Using the model for the cold-pHEMT and the correspondinglg. 4. (a) Balanced BPSK modulator circuit, (), of the modulator using
equations for the bias dependent elemeifits @nd C'p), the balanced topology.
reflection coefficient of each single-stage biphase amplitude
modulator can be calculated using (1), (2), (6), and (7). Wh%rﬂ
two such single-stage modulators are connected in tandemsé
form the balanced modulator, the overall voltage transmissiﬂpe
coefficient of the circuit is given by

vector sum

s. 6(b) and 7(b), respectively, for comparison. It can be
n that excellent performances can be achieved when using
balanced modulator. First, with reference to Figs. 6 and 7,
it can be seen that 256-QAM is possible. This is because the
Sa1(Total) = 0.5+ j[I'r (V1) — I'r(V2)] (10) amount of amplitude variation and tuning curve symmetry are

greatly improved with the balanced approach. The resulting

whereV: is the bias voltage applied to one of the single-stag§an ‘constellation can accommodate more points. However,
modulators andV, is the bias voltage applied to the othegyis js not the case with the simple modulator, as all the

single-stage modulator. _ necessary amplitude settings cannot be covered. For example,
Fig. 5(a) and (b) illustrates the simulated contour plots of ninimum voltage wave attenuationeb x 102 is obtained

the attenuation and phase responses of the overall circuit, dsn, using the balanced modulator, compared wit.2

the.gate—source bias voltage of each single-stage modu!at%isa simple modulator. More importantly, a phase shift of

varied from+1 V to —2 V. It can be seen that by movingy gy i obtained with the balanced modulator when compared

across the dotted lines, all the possible attenuation ranges ¢ah 15¢ for a simple modulator. Therefore, the balance

be c_overed,- with a phase of eithe90° or —90°. . modulator can remove both amplitude and phase errors caused
It is possible to expresSy, as a function of only one bias p, the parasitics of the cold-FET’s, even at millimeter-wave
voltage by using the following empirical equation: frequencies.
Vi=—-(11+V3). (11)

The corresponding attenuation and phase responses of thé MONOLITHIC DESIGN AND MEASURED PERFORMANCE

balanced modulator, as a function of only one varying bias The cold-pHEMT’s were incorporated in the simulation
voltage, are illustrated in Figs. 6(a) and 7(a), respectively. Thsing S-parameters measured on a test wafer at the Queen’s
voltage wave attenuation and phase responses of the simpigversity of Belfast, U.K. The other key component, the
modulator are found using (8) and (9), and are illustrated irange coupler, was modeled by GEC-Marconi using the
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Phase shift(degrees)

T T5 |

15pt——" —— =

-
[Gveral phiase shiR of balanced topology ] Ve 125
[Phase shift of a single stage modulator = - - = - = - | /
I 100
15
I 50
/ 25
- Voltage
-1.5 -1 =0.5 0.5 1
Fig. 7. Simulated phase shift as a function of one varying bias for BPSK

balanced modulator (solid line) and simple modulator (dashed line).

(b)

Fig. 5. Simulated contour plots of (a) attenuation and (b) phase of the overall
circuit as functions of both varying bias voltages.

Attenuation

{Overall aenuation of balanced tapology

|Attenuation of a singic stage modulator - - - = - ]

e

Fig. 8. Microphotograph of the 38-GHz BPSK balanced modulator.

o ” L — Voltage range. Fig. 9 shows the measured performance on a_polar
’ ’ diagram of the BPSK chip used as a bi-phase amplitude
Fig. 6. Simulated attenuation as a function of one varying bias for BPSfsgdulator. In this case, the gate bias voltages were varied
balanced modulator (solid line) and simple modulator (dashed line). from O to 3 V for each section individually, with the other
fixed at 0 V.
library element in LINMIC. This was necessary in order For multilevel modulation schemes, the cold-pHEMT's are
to account for the multiple dielectrics used in the foundrgontrolled with an analog gate—source bias voltage signal. In
process. All the other circuit elements (e.qg., thin-film resistorthis way, the circuit gives a continuous range of both positive
capacitors, microstrip lines) were modeled usiag (by and negative transmission coefficient amplitude values and
Sonnet Software), using foundry data for verification. can also be used as a multifunctional 1-Q vector modulator,
A microphotograph of the biphase amplitude modulator chigs illustrated in Fig. 10. The vector modulator can then be
designed for operation at 38 GHz, which measures X{.1 used to implement multilevel digital modulation schemes such
1.5 mnt, is shown in Fig. 8. The frequency response arnas QPSK, 16-QAM, 256-QAM, as well as used in other
static constellation were measured using a cascade on-wagplications. Analog vector modulators have recently been
probe station and HP8510B vector network analyzer. Tlshown to have advantages for signal processing in com-
circuit achieved good impedance matching and with minimadunications applications [21]. For example, analog control
amplitude and phase error over the 20-40-GHz frequenaljows excellent sidelobe suppression to be achieved in digital
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S21
REF 50.0 mUnits
10.0 mUnits /

Fig. 11. Microphotograph of the complete 38-GHz balanced vector modu-
lator.

S21
REF 25.0 mUnits
5.0 mUnits /

C.W. 38.000000000 GHz

Fig. 9. Measured performance of the BPSK chip as a bi-phase amplitude
modulator.

Input

I Output

WILKINSON
1| coLopHEMT
777 Y2Z2z4

COMBINER [0

C.W. 38.000000000 GHz
Fig. 12. Raw performance of 16-QAM vector modulator at 38 GHz.

andl and@ and@. The raw constellation measurements of the

vector modulator, having no correction, can be seen in Fig. 12

for 16-QAM. For higher levels of modulation, the slight

imperfections in the performance become more noticeable.

For example, phase imbalance from ideal quadrature means
Q that the constellation is not perfectly square. Fortunately,

Fig. 10. Balanced vector modulator topology. with analog control it is possible to correct these errors

by careful adjustment of thd and @ signals. I and @

o . become interrelated, because if a constellation point is slightly
communications and can be used for performing small-shiftthest of its intended position, both its horizontal and
frequency translation [22]. vertical positions must be fine tuned. Therefore, a calibration

procedure must be performed in which thand voltages for
A. 38-GHz Vector Modulator each constellation point are found. These voltages are stored
A microphotograph of the complete monolithic 38-GHz balin a look-up table, and a digital-to-analog converter (DAC)
anced vector modulator, which measures onlyx.B.0 mn?, can then be used to generate the voltages in real time. Fig. 13
is shown in Fig. 11. A National Instruments AT-AO-6 datashows the 256-QAM constellation at 38 GHz after a quick
acquisition board was programmed to generate the two setsxanual calibration was performed. The magnitude and phase
complimentary pseudorandom sequence baseband sighalperformance are withintl and +2%, respectively. Higher
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S21 Volta
REF 5.0 uUnits 2
1.0 uUnits / (Volts}

3vi-

&
-y

Us 100 us 200 us
tinie (us)

Fig. 15. Complimentary baseband signals for 256-QAM.

C.W. 38.000000000 GHz 10dB/
Fig. 13. Corrected performance of 256-QAM vector modulator at 38 GHz.
PC
J
Look-up ey /“\\ \ VLN
CPU Table RV VWM
pac CENTER 38.00 GHz SPAN 1 MHz
Fig. 16. Measured spectral response of the 1-Mbits/s data rate 256-QAM
signal at 38 GHz.
1l I Q| Q
HP 8510 | 33GH; Vector HP 8562A
CW mode Modulator Spectrum Analyser
(20x 1.6 mm)

Fig. 14. Measurement setup.

accuracy and levels of modulation greater than 256-QAM (e.g.,
1024-QAM) could be achieved with an automated calibration
procedure. The ultimate limits being practical issues such as
limited DAC precision and changes in circuit performance
with temperature. In principle, both these limitations could
be addressed with suitable engineering. Fig. 17.
For the practical demonstrator presented here, a PC as¢t.
DAC card were used to store the look-up table, create the
pseudorandom sequence, and then gene_rate the four_an%IO%O_GHz Vector Modulator
control voltages. The measurement setup is shown in Fig. T4.
The symbol rate for this configuration was limited to ap- A microphotograph of the complete monolithic 60-GHz
proximately 125 Ksymbols/s, giving an equivalent data ratealanced vector modulator is shown in Fig. 17. The corre-
of 1 Mbits/s for 256-QAM modulation. Fig. 15 illustratessponding output spectral measurement of the modulator to the
the random baseband signal, which represents 16 differsame baseband signal (shown in Fig. 15) is given in Fig. 18.
amplitude settings needed to achieve 256-QAM modulatiohhe symbol rate was approximately 125 Ksymbols/s, giving an
The measured output spectral response at 38 GHz is shaeguivalent data rate of 1 Mbits/s for 256-QAM modulation at
in Fig. 16, with no data prefiltering applied. The spectrurthe operating frequency of 60 GHz. An average insertion loss
exhibits a textbook-style profile with deep nulls and negligiblef 5 dB and worst-case input and output return loss- &0 dB
carrier breakthrough. have been achieved over the frequency range of 55-60 GHz,

Microphotograph of the complete 60-GHz balanced vector modu-
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direct-carrier modulation can be implemented at 38 and 60
GHz with negligible hardware complexity. The 256-QAM
vector modulator operating at 60 GHz is believed to be the
highest multilevel modulation technique reported for h&
balanced vector modulator type configuration. The simplicity
of the circuit topology leads to a compact chip with high
yield, because the FET's are used only as variable resis-
tance reflection terminations. In conclusion, balanced vector
modulators have been shown to be very promising for im-
plementing high-performance millimeter-wave transmitters for

CENTER 59.49 GHz SPAN 1 MHz

Fig. 18. Measured spectral response of the 1-Mbits/s data rate 256-QAM
signal at 60 GHz.

digital communications and radar applications.
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output (dB)
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Fig. 19. Measured insertion loss and input/output return loss at 60 GHz. [71

as illustrated in Fig. 19. A0.3 dB amplitude imbalance and
+2° phase error were recorded. The measured bandwidth was
limited by the bandwidth of the available RF source generatof®]
Equally good results have been achieved with BPSK, QPSK,
and 16-QAM, both at 38 and 60 GHz, with a symbol rate dfo]
200 Ksymbols/s, which is the maximum achievable with the

DAC used in this study. The limited symbol rates used afg]
not inherent to the technology presented in this study. The
bit rate could be increased considerably using dedicated DSP
hardware and a high-speed DAC. [12]

VI. CONCLUSIONS

The balanced modulator using reflection-type attenuat&%gl
is an extremely robust technique which gives near-perfect
BPSK performance and with negligible design effort. B)Ll“]
employing two such modulators in al(Q modulator, near-
perfect QPSK performance can be achieved. As a modulatbr]
for multilevel digital modulation, the circuit exhibits some
degradation in performance with practical variable resistang®)
elements, but with fine-tuning, excellent constellations can tlile7
achieved. Using a simple look-up table technique to calibrate
the vector modulator, it has been shown that 256-QAM

Technology Ltd. (Caswell).
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