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Analysis of Balanced Active Doubler for Broad-Band
Operation—The Frequency-Tuning Concept

Belinda Piernas, Kenjiro Nishikawdember, IEEE Tadao Nakagawaviember, IEEE
Hitoshi HayashiMember, IEEEand Katsuhiko Araki

frequency doubler is described and proposed as a hew concept:
tuning the center frequency at which the doubler exhibits its 0°

Abstract—A comprehensive analysis of an active balanced 4,3;\/901
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The concept is validated using a fabricatedV’-band pseudomor-  ac.cos{wat) Ideal choke

phic high electron-mobility transistor frequency doubler. For this ~ o— 550 v

device, a substantial improvement in the usable bandwidth (more hybrid jgoz
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than double) is achieved, demonstrating that the proposed concept

is particularly suitable for the realization of high spectral purity [——
and widely tunable V' -band frequency sources. 180° LI Vge2 F:L
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Fig. 1. Basic configuration of a balanced active doubler.

|. INTRODUCTION . )
An analysis of balanced frequency-doubler operation and

HE increasing interest in millimeter-wave wirelesgjetajls of the frequency-tuning concept are presented. The

communication systems, especially-band frequency proposed concept is experimentally validated using the fabri-
systems, raises the need for low cost, widely tunable, apghedy -band pseudomorphic high electron mobility transistor
high-quality millimeter-wave sources. Possible candidat%ﬁHEMT) frequency doubler reported in [5]. Local funda-
are either the direct use df-band oscillators [1], [2] or the mental-frequency rejection as high as 40 dB is achieved for an
use of lower frequency oscillators combined with frequengypyt signal frequency varying from 26.7 to 37 GHz. Moreover,
multipliers [3], [4]. The latter approach is more effectivsince the output power of the second harmonic is not strongly
from the standpoint of phase-noise performance. Howevgffected by the transistor bias unbalance, the isolation between
the tight frequency band over which the doubler achievgge fundamental and second harmonic is also improved. Local
proper fundamental-frequency rejection and isolation betweg@ation better than 30 dB is achieved from 26.9 to 36 GHz.

the fundamental and the second harmonic limits the soufggth regard to previous measurements, the results indicate that

bandwidth. . ) _the increase in the usable bandwidth of the doubler was over
To achieve high spectral purity and broad-band operatiofpoos.

the active balanced doubler configuration is preferred because
it provides efficient rejection of the fundamental and odd-har-

monic frequencies. In this case, the bandwidth of the doubler iél'
mainly limited by the phase and amplitude unbalance of the & Mathematical Formulation
brid that increases with frequency. To overcome this limitation,
we have previously reported an expanded bandwidth operatico
balanced doubler [5] that uses a novel rat-race hybrid [6] a
is formed using three-dimensional (3-D) monolithic microwav

integrated circuit (MMIC) technology [7]. ferent from the center frequency, the hybrid exhibits amplitude

To increase the usable bandwidth of the balanced acuﬁ/ﬁ alance:(wo) and a phase unbalanggw) between its two
doubler even more, the authors propose the novel concept puts

frequency tuning. The concept, based on an asymmetry of t%%%t us assume that for each transistor, both of which are bi-

gate-source bias of the two transistors, enables the phase anch \ it constant drain-source voltage, the input-output rela-

amplitude unbalance of the hybrid to be locally offset, leadi nship in the time domain can be expressed by a Taylor series
to a shift of the center frequency at which the highest specu[g [11] and [12]

purity is achieved.

ANALYSIS OF BALANCED ACTIVE DOUBLER OPERATION

The basic configuration of the balanced frequency doubler
sidered in this analysis is shown in Fig. 1. It consists of two
ntical transistors and a 18fat-race hybrid whose center fre-

uency isf.. For an input signal of frequencp (wo/2x) dif-

i(t) = Ao + AV (1) + A2VA(R) + AVis () + -+ (1)
Manuscript received June 8, 2000.
The authors are with the NTT Network Innovation Laboratories, Kanagawa . . .
239-0847, Japan. whereV,(t) is the gate—source input voltage of each transistor
Publisher Item Identifier S 0018-9480(02)03012-0. containing dc and ac components.
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AV)=A/2+AV

'1((1))
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The total output current spectrufiz(«w) of the balanced ac-

A tive doubler can be directly deduced from combining (5) and (6)
a0A(Vgo1), /0 a0A(Vgo1), £0_ as follows:
Azag /0 Azag /0 IT(‘*‘)) A
4 4 = Qg |: 21 (1 k J(’ﬁ) +A2( gol_k‘/gOQC’](r):| (5((4)0)
(a) ’
Ax
200 -0 o 20 +“0[ (1=ke™#)+As (Veor— /ng026_”)} 8 (=wo)
A : :
lo(@) +%“0 [ (14+K2627%) 6 (2w0) + (1K) § (—2u0) .
22 A 2
Azagk , /20 Azaok . /20 (7)
. 4 4 Assuming the frequency doubler is terminated by |&@adtyp-
® o - ically Z;, = 50 ), the output power is proportional to the
T e integral

oo 00
Poc/ |iT(t)|2dt:/ | I (w)|? duw. (8)

Combining (7) and (8), it is found that the output power of the
fundamental frequencyy (wq/27) is proportional to

P* (wo)
Al [1+/€2 (wo) —2k (wo) cos @ (wo)}

Considering the hybrid characteristics, the input voltage °f+2a2A2 V2 9V Viook (wo) cos @ (wo)+ k2 v
the transistors can be expressed as [ g0t w01 Vioak (wo) cos (o) (o) gm}

-aokA(VgOZ). ﬂ -aokA(Vgoz), L(E_

Fig. 2. Schematic representation of the output current spectrund; (and
(b) I, of the frequency-doubler transistors.

+2a3 A1 As [ 201 — (Vo1 +Ve02) £ (wo) cos ¢ (wo)

2) +k? (wo) g02:| 9)
At the center frequencyf., for which the hybrid is ideal

where fo = wo/2w is the input signal frequency. (o(we) = 0 andk(w.) = 1), it is well known that the

Combining (1) and (2) allows us to deduce the output Curremndamental frequency is completely rejectedt (w.) = 0)

of each transistor. Up to the second order, it leads to when the transistors are identically biased, 1&g, = Vyoo.
Therefore, in a standard operation, the transistors are biased so
that Vio1 = Vo2 = Veo. The output power of the fundamental

3) frequency is then found to be

P (wo) o Pin (wo) A% (Veo) [14-k7 (wo) =2k (wo) cos ¢ (wo)]
+ AQCL(Q)/{Q (wo) (10)
2 where Py, (wo) = 2ad is the power input to the doubler and

Note that the dc components eliminated in (3) and (4) for simptd(Veo) = A1/2 + A3V is a constant depending from the

fication will be suppressed at the circuit output by capacitan&@nsistors and their bias.
filtering. The fundamental-frequency rejectiéi(wo) defined as the

The current spectrums (see Fig. 2) are deduced by Foufiatio between the input power and the output power of the fun-
transformation of (3) and (4) as follows: damental frequency can be expressed in decibels as

Vast =Vgo1 + ag cos (wot)
Ves2 =Vigo2 + aok (wo) cos (wot 4+ 180° + ¢ (wo))

2
I (t) =ag (Al + 2Vg01Ag) cos (wot) + A22a0 cos (2wot)

I(t) = — apk (wo) (A1 + 2VgogAg) cos (wot + ¢ (wo))

Cos (2w0t + 2¢ (wo) ) 4)

Soan (wo)
ao 0dB 0
1 =—(A41 +2Vy1 Az) |0 +6(—

1(w) 9 ( 1 i g01 2) [ (wo) ( wO)] = —Aup — 10log |:1 + k2 (wo) — 2k (wp) cos (4)0 (WO)):|

Asa
+ 2016 (2w) + 8 (—2wo) | (5) (11)
_ aok(wo) where Ay = 20log|Al.

Iw) = - 2 (Al + 2‘/‘502‘42) In the same way, the output power of the second harmonic at

2fo = wo/w can be deduced up to the second order from (7)

.18 Jelwo) 4 g (—
bl (w0 and (8)

Aza3k? (wo)
L 2
4 P (wo) =
. [5 (2wp) €¥¢(0) 4§ (—2uwq) 6—21'@(%)} . (6)

)e—j@(w)}

Phax (w0) { 14+k* (wo) 42k (wo) cos (2¢ (wo)) }

4
(12)
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Fig. 3. Fundamental-frequency rejection evolution with phase and amplitufig. 4. Normalized output power of the second harmonic versus phase and
unbalance of the hybrid44g = cst). amplitude unbalance of the hybrid.

of the fundamental frequency given by (9) can be rewritten

where P2 (wo) = ajA3/2 represents the maximum output,

power of the second harmonic.
Note that up to the second ordét?(w) is independent of P* (wo)

V40, the bias voltage of the transistors. 2 A2
&0 9 ocaOTAl[l—i-kQ—chosw]
B. Simulated Results and Discussion + 203 A3 [AV? 4 2k V02 (AV + kVi02) - (1 — cos )]
Fig. 3 shows that the fundamental-frequency rejection is  + 2054142 [(AV + EVyoz) - (1 = kcos )
highly dependent on the phase and amplitude unbalance of the +kVgo - (k — cosp)]. (13)

hybrid. Infinite frequency rejection is achievedlap, = Vg2
when both amplitude and phase of the hybrid are balanced
the hybrid exhibits no amplitude unbalanéex 1, K ~ 0 dB),
the fundamental-frequency rejection quickly decreases as
phase uqbalanpe increases. As soon as amplitude unbalanceA"s;V0 (wo) = —kV0 (1—cos (p)_ﬁ (1—kcosy). (14)
present, it dominates the phase unbalance. Az

As shown in Fig. 4, the output power of the second Combining (13) and (14), the minimum output power of the
harmonic is maximum when both amplitude and phase Bfndamental frequency, = wo/27 can be expressed in terms
the hybrid are balanced. However, it is not strongly affecteédf £(wo) andg(wo) as
by the per_formance of the hyb.rid SO its d.egradation with PL.(wp) o P (wo) A2 (%02),{2 (wo) sin? (<p (wo)) (15)
frequency is expected to be mainly due to input and output
mismatching. where A(Vy02) = A1/2 + AyVyoo is the constant of the tran-

sistor, as defined in Section II-A.
Fundamental-frequency rejecti®i(wo) after bias compen-
[1l. CONCEPT OFFREQUENCY TUNING sation is then given by

Tne derivation of (13) versuaV shows that a minimum in
the output power of the fundamental frequency exists and is
ﬁ]cgieved when the voltage differengd” is equal to

A. Mathematical Formulation Soas (wo) = —Aas — 10log [k? (wo) sin® ¢ (wo)].  (16)

As shown in Section II-B, the fundamental-frequency re- In the same manner, the output power of the second harmonic
jection of the doubler is strongly impacted by the perfodi2/o =wo/mis dedu?ed up to the second order by combining
mance of the hybrid. Thus, the bandwidth over which thg and (8) as follows:
doubler achieves high fundamental-frequency rejection (aps _ P2 (wo) 4 9
proximately 30 dB), is strongly limited around the cente?B (wo) = =5 {1+k (wo)+2h7 (wo) cos (2 (wo))}
frequency of the hybrid. (17)

In order to overcome this limitation and extend the usablg,q is found to be identical, up to the second order, to the output

bandwidth of the doubler, we propose the concept of frequengywer of the second harmonic before bias compensation [see
tuning. For a given frequency, this concept uses asymmetry(irp)].

transistor bias voltage to offset the hybrid’s defects.

Given the voltage differenced\V = Vo, — kVgo, and B- Simulation Results and Discussion
assuming that one of the transistor gate-source voltages$n the previous section, we showed that selecting the appro-
(e.0., Vgo2) is fixed and thatV,o; is tuned, the output power priate transistor gate—source bias enables the output power of
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Fig. 5. Fundamental-frequency rejection evolution with phase and amplitu

unbalance of the hybrid: (- - -) before bias compensation and (—) after big@' 6. Vectorial representation of the balanced active doubler output current
compensation. ' af'the fundamental frequency under standard operakign: = Vo2.

of amplitude unbalance and a fixed value of the phase unbal-

nce. When the amplitude unbalance induced by the hybrid is
up to the second order, the output power of the second harmorflrl]%re important, that is to say, thefactor decreases:(< 1
Assuming for instance thaty. is fixed at near the pinchoff ' ' '

— — .
voltage of the transistor to maximize second harmonic genefa-\): the modulus off; decreases, whereds remains un-
tion [8]-[10], the optimum value foV,o, is deduced from (14) changij. Therefore, as shown in Fig. 6, the modulus of the ad-
dition S of these two vectors forming the total output current
A (Vgo2) et (18 of the fundamental frequency of the doubler is increased. Con-
Ay 24, sequently, the fundamental-frequency rejection decreases when
In other words, this means that, at a given frequeigy the amplitude unbalance of the hybrid becomes more important

tuning of the transistor gate—source bias according to (18) éﬁ?_e tFig. 3). ider the bi i t A
ables us to partially overcome the amplitude unbalat(ce) et us now consider the bias compensation concept. As-
and a phase unbalangg{wy) of the hybrid. Consequently, S4MNY thatVgo is fixed and thatVo, is given by (18), the
the frequency at which the maximum fundamental-frequer}% damental component of the output current of each transistor
rejection is achieved can be centeredfgrinstead off. when ee (3) and (4)] is given by
the transistors are symmetrically biased. This constitutes the r, (¢) =240k (wp) A (Vy02) cos (wot) cos ¢ (wo)
concept of frequency tuning of balanced active doubler. —aok (wo) A (Vioo)

According to (16), perfect fundamental-frequency rejec- —roM Ao 802
tion is achieved if the hybrid’s phase is perfectly balanced, . [cos (wot + ¢ (wo)) + cos (wot — w(wo))}
regardless of amplitude unbalance. As shown in Fig. 5, after _ o
bias compensation, the fundamental-frequency rejection is im- I (1) =2a0k (wo) A(Vio2) cos (wof + 180° + ¢ (wo)).
proved and becomes mainly dependent on the phase unbalance (20)
8];1kggtlaarr]]ggr(lg.ee-rgﬁsosg?gngs)diesgg?namg?egugntothtgioa:lrtr:glr;t/weThe vectorial representation of these current components is

i

fundamental-frequency reiection increases in broportion to t own in Fig. 7 for a different value of the amplitude unbalance
unaa quency rejection i . In proport d a fixed value of the phase unbalance. When the amplitude
amplitude unbalance expressed in decibels.

unbalance induced by the hybrid is more important< 1,

— — i
C. Graphical Interpretation of Bias Compensation Effect ~ # ), both the module of the, and I, vectors decrease in

i ) ) Lhe same manner. Therefore, as shown in Fig. 7, the modulus of
The concept of bias compensation and, more particularly, the

P

dependence of the fundamental-frequency rejection on the i resultS of these two vectors decreases. Consequently, the

plitude unbalance of the hybrid can be more easily understodtidamental-frequency rejection increases when the amplitude

by vectorial representation of the currents in the active doubldfiPalance of the hybrid becomes more important. This explains
In standard operation where the transistors are identically Bi€ Pehavior of the fundamental-frequency rejection in Fig. 5.

ased Vzo1 = Va2 = Vio), the fundamental component of th
output current of each transistor can be deduced from (3)

the fundamental frequency to be minimized without changin

Veo1 (wo) = k (wo) cos ¢ (wg) —

ng Limits of the Concept

(4) as follows: The first limit to the frequency-tuning concept lies in the ex-
istence of the transistor dc-bias voltages that compensate for the
I (t) =2a9A (Vgo) cos (wot) hybrid’'s asymmetry. A consideration of the transistor behavior

I (t) =2a0k (wo) A (Vo) cos (wot + 180° + ¢ (wo)).  (19) when b_iased near the pinchoff voltage lets us assume that term
A1/As is small. Moreover, even for a phase unbalance of ap-

Fig. 6 shows the vectorial representation of the current compgaroximately 10, cos ¢ remains close to unity. Therefore, the

nents in a time-dependant coordinate system for different valuiierencesV = V01 — Vi02 between the two bias voltages is
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Fig. 7. Vectorial representation of the balanced active doubler output current
at the fundamental frequency with bias compensafigQpi = Vyozk cos p —

(A1/2A3)(1 — kcosp). Fig. 8. Microphotograph of the activi -band balanced frequency doubler.
Intrinsic size of the doubler is 1 nfm
expected to remain small and realizable for small values of hy-
brid phase and amplitude unbalance. TABLE |
When the difference between the two transistor bias volt- SUMMARY OF MEASURED DOUBLER PERFORMANCE
ages becomes significant, the same Taylor series representation

cannot be used for the two transistors and our analysis is only Input Power 14 dBm
approximate. Highest Fundamental 48 dB at f,=32.5 GHz

o L frequency Rejection
The second limit to the proposed_ concept lies in the phage Highest Isolation 30dB at,=32.5 GHz
balance performance of the hybrid. Indeed, as shown in S CCe "=t 8.5 dB at f=32.5 GHz
Fig. 5, the bias compensation concept eliminates the strong garqwidth for Isolation 31.7 ~ 36 GHz

degradation in fundamental-frequency rejection caused by 53¢ 4B
the amplitude unbalance of the hybrid. However, the funda- Bandwidth for Fundamental | 31.5 ~ 37.5 GHz
mental-frequency rejection remains highly dependent on the Rejection >35 dB
phase unbalance. Feail.5° phase unbalance ane2 dB ampli-

tude unbalance, the improvement in the fundamental-frequency
rejection due to bias compensation is approximately 20 dB, lpawer was 14 dBm for minimum conversion loss and before the
this falls to 14.1 dB (8.7 dB) fot:3° (+6°) phase unbalance. saturation of the second harmonic. The gate—source bias voltage
This determines the bandwidth over which the doubler carfithe second transistdf,g. (see Fig. 1) was fixed te-0.7 V,
achieve high fundamental-frequency rejection. Moreover, thig., near the threshold voltage, to maximize the generation of
result shows that, considering the bias compensation concéjpé second harmonic.

future improvements in the hybrid performance should mainly The dotted line traces in Figs. 9 and 10 indicate the results

concentrate on improving the phase characteristics. gained when the transistors were identically biaség; =
Vao2 = —0.7 V.
IV. OVERVIEW OF THE MMIC DESIGN The annotated traces-h in Figs. 9 and 10 refer to different

bias level of the first transistdryo; (see Fig. 1). SettingV =
‘/201 — Vi02, the correspondenceds 6V = —0.33 V, b: 6V =
—0.29V, ¢ 6V = —0.22V, d: 6V = —0.14 V, e 6V =
E.l V, fi 6V = =004V, g: 6V = —-0.05V, h: §V =

The proposed concept is experimentally validated using
previously fabricated”-band pHEMT frequency doubler [5]
whose design is quickly overviewed here. .

Fig. 8 presents a microphotograph of the doubler. The nove 028 V
rat—r ace hybrid reported in [6]. IS useq to ac_hleve .h'.gh spectra Fig. 9 shows the measured output power of the fundamental
purity and broad-band operation. This hybrid exhibits a power L . .
dividing balance of better than 1.1 dB and a phase balance igruency anq the second harmonic in the cases just described.
better than 2 from 28.8 to 39.4 GHz. The transistors use(ﬁ“_a voltage dlfferen_C§V set for measurements-h was op-
are 0.15xm long and 22Q:m (50 zm x 4) wide Panasonic timized so that_a_mlnlm_um of the output power of_ the funda-
pHEMTs [13]. Table | details the doubler performance me&nental harmonic is achieved from 27 to 36 GHz with a regular

sured in standard operatiobg, = Vyoo). step of 1 GHz. As expected, this differenté remained small
and realizable over a large range of frequencies. Bellow 27 GHz,
V. EXPERIMENTAL RESULTS 6V becomes too important and the bias compensation process
o _ is inefficient, leading to a strong decrease in the second har-
A. Validation of the Frequency Tuning Concept monic output power and inefficient rejection of the fundamental

The measurements were performed under the same corfidiguency. This limitation of the frequency-tuning concept can
tions reported in [5]: the drain voltage was 2 V and the inpatiso be imputed to the input and output matching circuits that
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: d 2
o a -40
3 /o F
3 V=20V ¢ ! s
B0l =07V : p
2 28 30 32 34 36 20 30 40 50 60 70
Input Frequency (GHz) Input Frequency (GHz)
Fig. 9. Output power of the fundamental frequency and the second harmopig. 11. Spectrum measurement of the balanced frequency doubler under bias
versus frequency at different transistor bias unbalance values. The dotted traesspensation atV’ = —0.14 V with input signal frequency, = 30 GHz
indicate the output powers when the transistors are identically biased. (cased in Fig. 9).
p is achieved from 26.7 to 37 GHz. As regards the measured fun-
70 damental-frequency rejection in standard operation, this perfor-
N ‘ mance represents an expansion of the usable bandwidth of over
j%? 60 : l g R 100%. .
= I"‘\ A \ AN \ é ) Also as expeqteq, F|g. 9 shows that the output power of the
s o \9 """ 7] second harmonic is slightly affected by the gate—source bias
a‘i 0 / \[ \/M\\\/ \ asymmetry of the transistors. Consequently, the isolation be-
g // A\ N tween the fundamental frequency and second harmonic is also
< z"o:f%‘;v - substantially improved by bias compensation. Local isolation
e = - higher than 30 dB is achieved from 26.9 to 36 GHz. As regards
E) e i i i isolation measured under standard operation, this represents an
% 28 30 32 34 36 expansion of the usable bandwidth of over 100%.

Input Frequency (GHz)

B. Spectral Measurements
Fig. 10. Fundamental-frequency rejection versus the input frequency for .
different transistor bias unbalance values. The dotted trace indicates thd=ig. 11 shows the spectrum measurement of the frequency
fundamental-frequency rejection when the transistors are identically biaseddoubler operating with asymmetrically biased transistdfs=
—0.14 V, which corresponds to the optimum bias unbalance in
s . . terms of achieving maximum fundamental-frequency rejection
are limited in frequency and design to allow operation of each 20 cHy

transistor near the threshold voltage. The difference in noise level is due to a change of the mea-

In the frequency _band from 325 GHz to approxima_tel urement system at 50 GHz. The noise floor for the second har-
36 GHz, corresponding to the minimum phase and amplitu nic is more than 50 dB under the desired signal.

unbalancg of th? hybrid, the bias differenge bet\{veen the Fig. 11 and the spectrum measurements done under the other
two transistors is so small that control of the bias voltages,

is difficult. Therefore, the bias compensation process is nggses, .e.g—h of Fig. 9, confirm that no undesired spurious
: ' . ignal is generated when the transistors are asymmetrically bi-
clearly demonstrated at 33 and 35 GHz. However, this frg 9 y y

's?d. This confirms that the concept of frequency tuning is par-

quency band already corresponds to the best performance[i&larly suited to the realization of widely tunable and high

the frequency doubler in standard operatidfyo{ = Vyo2), spectral puritl’-band frequency sources
where the bias compensation process is not needed. AboBe purit” quency sou '

36 GHz, the input and output matching circuits very probably
limit the effectiveness of bias compensation.

Since bias compensation of the hybrid’s asymmetry is op- An analysis of balanced active frequency doubler has been
timized at one frequency, it quickly becomes inefficient at mtroduced to clarify the fundamental-frequency rejection per-
different frequency and optimization must be performed agaifmrmance of such devices. From this analysis, we propose the
Therefore, traces—h of Figs. 9 and 10 are much sharper thanew concept of frequency tuning as a very simple and very ef-
the standard operation trace. fective way to extend the usable bandwidth of balanced active

Fig. 10 shows the measured fundamental-frequency rejglmublers. This concept is validated on a previously fabricated
tion of the balanced active doubler. A comparison to the fund&-band pHEMT frequency doubler. Improvement of the usable
mental-frequency rejection measured under standard operatiamdwidth in terms of spectral purity (fundamental-frequency
(dotted-line trace) shows that the concept of frequency tuningjection> 40 dB and isolation- 30 dB) is over 100%.
substantially improves the usable bandwidth of the balancedTherefore, we can conclude that the proposed concept is par-
doubler while still achieving high fundamental-frequency rejedicularly well suited to the realization of widely tunable and high
tion. Local fundamental-frequency rejection better than 40 dipectral purityy’-band frequency sources.

VI. CONCLUSION
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