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High-Efficiency Ku-Band Oscillators
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Abstract—Ku-band oscillators have been experimentally found approaches a square wave, and the load impedances at even
to have a high dc-to-radio-frequency (RF) efficiency. Using and odd harmonics are shorted and opened, respectively. Later,
a packaged pseudomorphic high electron-mobility transistor ¢, \shner summarized the output powers, efficiencies, and
(PHEMT) device, a maximum efficiency of 60% was measured . . . o ’
at 14.5 and 15 GHz with output powers of 16 and 23 mW, optimum load resistance expressions for idealized Class-A and

respectively. Oscillator circuits also revealed efficiencies of 48% Class-B microwave power amplifiers [4], [5]. Unlike Snider’s
at 16 GHz and 41% at 17.1 GHz with RF output power levels expressions for an ideal linear amplifier, Kushner includes

of 11 and 13 mW, respectively. saturation voltage and linear transconductance effects in the
Index Terms—HEMT, high-efficiency transmitters, oscillators, calculations. These enhancements provide a better estimate
PHEMT. of the amplifier's true drain efficiency. Thus, a theoretical

drain efficiency of 85% for Class-B amplifiers and 67%
for Class-A amplifiers are achievable under the assumption

of linear transconductance and tuned resistive loads. The

M IC,ROWAVE oscillators are a key component in gggijiators reported in this paper operate most efficiently in
microwave system. While much work has been dong;s5 AB. As the name implies, linear Class-AB operation

characterizing the oscillating devices in terms of stabili%Ccurs between Class-A and Class-B with efficiencies ranging
noise, output power, and oscillating frequency, few research%s[\,ve(_}n the two extremes

have focused on oscillators with high dc-to-radio-frequency Oscillator maximum output power has been the design

(RF) conversion efficiencies. The desire for highly efficie mphasis of many researchers [6]-[11]. Maximum output

:gmrgrv;/alz)/e (c))sc(:ellrlaatt.(r)]rs Izltdaméesna% Wgelgfioizpl:ga?ggs_ﬁh ower is found when the oscillator is driven into gain com-
o?‘?;ransiv;torposci:lagtlo\:s usgi]n MESIF:)EV'\IZ’S and l;eupdlomnorW I(r:ession operating in Class A. However, oscillators designed
P - ng ! P P maximum output power achieve the highest efficiency
high electron-mobility transistors (pHEMT's) have shown ?

greater dc-to-RF efficiency than one-port Gunn and IMPAT Y reo'“f'”g Ehe drain current to .Class AB operatlon.,. €.,
. . . ) ) ds = 10%—40% I4.. Maeda recognized these two conditions
diode oscillators in the microwave frequency range. Historl- : . .
: L s on early research with MESFET oscillators [12], and this trend

cally, MESFET’s have been used in microwave amplifier an . . .

) . . e Is found in many published MESFET oscillator papers.
oscillator designs. With the advent of pHEMT'’s in recen . L

A survey of past oscillator efficiencies frofi- to Ku-band

years, oscillator and amplifier designs based on this device i o .
have appeared reveals a decrease in efficiency as the operating frequency

Since an oscillator can be considered an amplifier wiffcreases. Bryertoret al. have shown a Class-E MESFET

positive feedback, it is possible to understand the mechan?cssg"g;f')r V‘fg‘ av\?9(;’/o efficienc(:jy and output pO\r/]ver Ofﬁg%?!é-r
of high-efficiency oscillators by applying the classificatiot z [13]. Wade reported on a reverse-channe

of amplifiers to oscillators. Ideal linear Class-A amplifiers2SCillator operating at 7.9 GHz with an efficiency of 37%

as well as oscillators, have a theoretical maximum dc-ta-nd output power of 620 mW [14]. Tserrey _aI. published

RF drain efficiency of 50%, which corresponds to maximurrﬁ1e results pn a number of MESFE_T_ oscillators where a
output power [1], [2]. A maximum drain efficiency of 78.50,10-GHz oscillator rgached a high efhme_ncy of 45% at 50-
is theoretically possible for linear Class-B amplifiers anf!VW output power in a common gate circuit [15]. Ched
oscillators. Snider has shown that this efficiency operating # developed a computer-aided design technique to achieve a

Class A can be increased to 63.7% if properly loaded | 6% efficient oscillator at 13.54 GHz with an output power of
Snider also calculated an optimum efficiency of 100% f 0 mW [16]. Rauscher presented a 17-GHz MESFET oscillator

ideal Class-B operation when the output RF voltage wayat achieved a 25% efficiency with 45-mW output power
" ) ed S ber 17. 1997 revised Mav 15. 1998 [17]. Later, Evans reported on a 0.3a gate-length MESFET
anuscrlpt recelve eptem er y , revise ay , . H H -
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Fig. 1. Top and side views of the packaged Kukje Corporation pHEMT.

15,7 158 159 16 161 162 163 164 165 166 167
a packaged GaAs pHEMT as the oscillating device where Frequency (GHz)
one source lead is connected to an open-ended microstrip
line and the second source lead is open. The open Sourgg2. Measured small-signdtparameters of pHEMT with one source lead
lead in combination with the package parasitics results fiemoved. The bias i¥ss = —0.3 V, Iy = 15.6 mA, andVys =2 V.
a resonant cavity around 16 GHz in a 80system. The
measurement of the small-sign&tparameters is all that is
needed to estimate the operating frequency. To the authors’
knowledge, the efficiencies reported are the highest obtained in
the frequency range of 14-17 GHz. This low-cost low-power
high-efficiency oscillator should have many applications in
wireless sensors, RF identification (RFID), communications,
intruder detection, local area networks, etc.

S-parameter (dB)

Il. SMALL -SIGNAL MEASUREMENTS

The device used in this oscillator circuit is a low-cost
Kukje Corporation GaAs pHEMT (model KH1032-C02) that
is designed forX- and Ku-band amplifier and oscillator
applications. This device comes in a hermetically sealed
metal-ceramic package, as shown in Fig. 1. The saturated
drain cur_rentldss fo_r this de_wce atve, = 2 Vis typlcally Fig. 3. Measured small-signdtparameters of pHEMT with one source lead
40 mA with a maximum rating of 60 mA. removed near pinchoff. The bias I§s = —0.39 V, I;; ~ 1 mA, and

Small-signal S-parameter measurements were performéds = 2 V.
with an HP 8510B network analyzer by placing this device in
an Intercontinental Microwave test fixture in a common-source
configuration. Initial S-parameter measurements were taken
with both source package leads grounded from 0.2 to 20 GHz
at various bias conditions. Evaluation of theSearameters
revealed the device to be unconditionally stableKiurband
frequencies. To provide instability to the device, one of the Circuit Tuned
source leads was removed, as indicated in Figh-parameter at Gate
measurements with this source lead removed and the second ) )
source lead remaining grounded revealed the device to be Low " 21
highly unstable around 16.2 GHz, as shown in Fig. 2. Th&y 4. oscillator circuit configuration.
open-source lead was dc insulated from ground by placing
a thin layer of Kapton between the pHEMT and the bra
test fixture. By removing one of the source leads and leavi

15 152 154 156 158 16 162 164 166 168 17

Frequency (Gl7)

Source
Feedback

Load Circuit

ﬁf vice oscillating. With the device on the verge of oscillating,

it open, the source contact internal to the package provid% veralS_-parameter megsurements were taker_1 around pinchoff
reflections to create the oscillation. A peak gain of 28 dB ith drain current; ranging from 0 to 2 ”.“A- Fig. 3 ShO\.NS the
16.22 GHz was achieved &, = 2 V, I — 15.6 mA, and measured small-signa¥-parameters, which are used in the
V. — _03V 8 TS ’ oscillator circuit design with a bias dfy, = —0.39 V and

s = —0.3 V.

Since the device oscillates in the vicinity of 16 GHz at a bie&ower-supply level aby, = 2 V.

that allows the drain current to flow, small-sigrtaparameter

measurements were performed near device pinchoff. A small IIl. OSCILLATOR DESIGN

amount of drain current (less than 2 mA) was allowed to The negative-resistance method was used to design the
flow, allowing a small amount of forward gain without theoscillator circuit [19]. As seen in Fig. 4, two open-circuited
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microstrip lines are placed on the gate and source, and the drain o

. . . . R Units in mm.
is connected to the microstrip circuit load. The source open- G = Gate
ended microstrip line provides capacitive series feedback, and
the gate open-ended microstrip line is used to control the
oscillation frequency. A load circuit is used to match the
oscillator to maximize the output RF power. The oscillation
condition requires that 12 IIzj

S = Source

Source Bias .
D = Drain

Line

Row + R =0 50 Q Output

Xout +XL =0 (1)

S . i i Gate Bias
where R, and X, are the impedances looking into the Line

drain port of the oscillator an&; and X, are the impedances
looking into the load circuit. To be more specifidout

is negative when oscillating, and is usually designed to be
approximately three times larger in magnitude thap for
maximum output power [12].

The two-port small-signab-parameters measured near pin-
choff were converted into three-poft-parameters using the
equations given by Khanna [20]. Touchstone was used to
combine the three-po§-parameter file with the gate, source, 20 L
and loadS-parameter files. Similar to the approach by Rohrer 10 T
et al, the peak of the input reflection coefficient looking into 1 RS 'Er"j’m?" el
the drain of the pHEMT was found by varying the length of - :EL
the open-circuit microstrip lines on the source and gate [21]. 0 . X?m
The substrate used for the oscillator circuit is Rogers RO4350 g -30 —o—xXout
(height= 0.254 mm, ¢,- = 3.48, loss tangent 0.004, and Cu 40T
conductor thickness- 0.035 56 mm). Using theS-parameters -50
of Fig. 3, the initial design predicted an oscillation frequency
around 16.7 GHz. The microstrip line lengths connected to the 4
source and gate showed a large degree of toleran@£(mm) 16 161 162 163 164 165 166 167 168 169 17
without greatly affecting the simulated oscillation frequency. Frequency (Gl17)

Also, the measuref-parameters with no drain current showed

the oscillation condition was not met as expected. In particulggg. 6. Touchstone and IE3D simulation results showing resonance occurring
the output resistance looking into the drain is positive. Thug, 16.7 GHz.

it is important to allow as much gain as possible on the
small-signal measurements without oscillating the device.

The source and gate microstrip lengths were found to t?g
2.7 and 1.2 mm, respectively. The load circuit includes a

Drain Bias
Line

Fig. 5. 16.7-GHz circuit layout.

&

=20

Impedance (Q)

TABLE |
PEDANCES AND RESONANT FREQUENCIES WITHINCREASING DRAIN CURRENT

microstrip line section and open-ended stub for providing Ves (V) Freciisnocr;,a(ném Rout(£2) Ry ()
an impedance match between the pHEMT’s drain port and -0.39 16.7 -40 24
the 50§} output. 50€2 microstrip lines where the microstrip -0.38 16.73 -50 24
linewidth is 0.54 mm were used in all cases, including the 0:372 16.82 73 24

matching-load stub.

Fig. 5 shows the circuit layout, including the output circuit
dimensions and dc-bias structure. The full-wave electromag-Reviewing the small-signalS-parameters measured near
netic simulator program IE3D was used to simulate the entipinchoff reveals how the resonant frequency and output imped-
microstrip circuit, including the bias linésA high frequency ances behave as the drain current is increased. Table | reveals
of 18 GHz and 40 cells/wavelength were used in all IE3Ehe trend of increasing resonant frequency with decreasing
simulations. TheS-parameters from IE3D were then used byutput resistance. If the large-signétparameters could be
Touchstone to simulate the overall circuit performance. Theeasured, the oscillation frequency would be higher due to
Touchstone file incorporated the simulat&eparameters of the increasing drain current.
the circuit and measured small-signétparameters of the
pHEMT. Fig. 6 shows the simulated impedance values looking IV. OSCILLATOR MEASUREMENTS

into the drain port of the pHEMT and into the load circuit. Fig. 7 shows the measured oscillation performance as a

Resonance occurs at 16.7 GHz, and the resistances at the uaHP:tion of aate-to-source voltage whdre. is a constant 2 V
port and load are-40 and 24£2, respectively. 9 9 & '

The highest efficiency of 41% occurs at 17.1 GHz, where the
LIE3D, version 4.0, Zeland Software, Inc., Fremont, CA. output power is 13.4 mW. The dc-to-RF efficiency (also called
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Fig. 7. Measured dc-to-RF efficiency and oscillation frequency verys Fig. 9. Measured efficiency and output power of 17-GHz oscillator with

with Vi = 2 V. Vie = 2 V.
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Fig. 10. Oscillator measurement setup.

0 16.85

15 2 25 3 3.5 4
Vg (V) G = Gate
S = Source
Fig. 8. Measured dc-to-RF efficiency and oscillation frequency vevgus D =Drain
with Ve = —0.8 V.

drain efficiency) is defined as

Pout
= Idsvds (2)
where F,,; is the RF output powetl, is the drain-to-source
dc current, and/y, is the drain-to-source dc voltage.

Fig. 8 shows the efficiency and oscillation frequency as a ’ ‘
function of drain-to-source voltage whevg, remains fixed at ‘ '
—0.8 V. Fig. 9 shows the change in efficiency as the output
power increases. These measurements were made by use of
a power meter and spectrum analyzer, as depicted in Fig. 10.
The spectrum analyzer monitors the oscillation frequency by
detecting the radiated power. The HP 8481A power sensor ’ ‘
has a+4.8% uncertainty andt2.6% probable uncertainty
(RSS) at 14 GHz, and the _sensor has-8.2% !mce,rtaimy Fig. 11. Circuit layout ofKu-band oscillators.
and=+2.9% probable uncertainty at 17 GHz. Calibration of the
power sensor occurred before each measurement, and the loss
from the circuit to sensor is negated from the measurementhe pHEMT exhibited a strong resonance around 16.2 GHz.

The higher measured oscillation frequency was anticipat&ice decreasing the oscillation frequency typically results in
from the small-signal measurements. Due to the lack ofhégher efficiencies, the circuit was altered to oscillate from
large-signal pHEMT model and knowledge of the parasitit4 to 16 GHz.
reactance effects of the package, the output power and effiFig. 11 shows the circuit layout for the 14- to 16-GHz
ciency are difficult to predict. In a 50-measurement system,oscillators. Table Il gives the dimensions and measured results
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TABLE 1
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Ku-BAND OSCILLATORS. *TYPICAL BIAS FOR ALL CASES IS Vg = —0.3 V
AND Vgg =2 V. *Bias Is Vg = —0.4 V AND Vg = 2.5 V

the drain current is 15.7 mA or, approximately, 30%;. At
the peak output power of 57 mW, the bias is setjo=4 V
and I = 32 mA.

V. CONCLUSION

Ku-band oscillators using a pHEMT device have been
measured with high dc-to-RF efficiencies. The efficiencies
achieved include 60% at 14.5 and 15 GHz, 48% at 16 GHz,
and 41% at 17.1 GHz. The simulated oscillation frequency,
based on small-signal pHEM3J-parameters, revealed a large
difference from the measured oscillation frequency. A large-
signal model of the device and a model of the device package
is needed to accurately predict the oscillation frequency,

Dimensions (mm) Measured Parameters | ..
— Simulated
Efficiency| Pout :
g $ a b (%) (mW) ,fosc fosc
1.6 2.2 2.13 11 52 6.5 14.25| 15.88
1.6 2.2 1.93 1.1 55 8.3 14.35| 15.98
1.6 2.2 1.73 1.1 56 9.0 14.41| 16.07
1.6 2.2 1.45 1.1 60 15.6 | 1450| 16.17
1.6 2.2 1.33 1.1 57 12.1 | 1458 16.21
1.3* 1.8 14 0.9 60 23.5 | 15.04| 16.54
0.75 1.3 1.2 1.1 48 10.6 | 16.0 17.20
60 60
58 \ 54
56 48
54 2z
<5 36 £
P L
£ 50 30 £
£ 48 24 5
o &
46 183
4.
4 12 1]
42 6
40 0 2]
148 1485 149 1495 15 1505 151 1515 3]
Frequency (Gllz)
: . : [4]
Fig. 12. Efficiency and output power for 15-GHz oscillator. A constant dc

bias of Vys = —0.4 V is applied withVg, = 1.5 to 4.0 V andlgs = 8 [5]

to 32 mA.
[6]
60 60
5 / y
56 48
54 92z (8]
L 5 36 £
g 50 30 2 o]
£ 48 %3 [10]
46 183
44 12
42 6 (11]
40 0
5 10 15 20 25 30 35

T, (MA) [12]

Fig. 13. Efficiency and output power versiig, for 15-GHz oscillator at a [13]
bias of Vgs = —0.4 V.

from the oscillators. The maximum efficiency is given fof4l
each oscillator circuit with the associated RF output powefis
Also shown are the simulated oscillation frequencies using
the measured pHEMT small-signgiparameters near pinchoff [16]
(Ves = —0.39 V) and the IE3D simulations of the actual cir-
cuit. Two oscillators obtained 60% efficiency, one at 14.5 GHz
and the other at 15.04 GHz. Both circuits were etched twi¢t’
using different Kukje pHEMT'’s to verify the performance.
Measured results revealed identical efficiencies and oscillatiB]
frequencies. Figs. 12 and 13 show the efficiency and outpyé)
power of the 15-GHz oscillator. At the 60% efficiency level,

efficiency, and output power.
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