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Abstract 
A Ku-band RTD-based VCO has been demonstrated using an InP-based RTD/HBT MMIC technology for the 

first time. The VCO showed the extremely low DC 
characteristics. 

I. Introduction 
Recently, various novel tunncling devices which employ 

quantum transport phcnomend in a nano scale dimension have 
been introduccd, such as a resonant tunneling diode (RTD), a 
single electron transistor (SET), and a quantum dot (QD) 
structure. Among these dcvices, the RTD is considered to be 
the most matured device which appears to be close to 
commercial applications due to the stable operation at room 
temperature [I]. The RTD shows the unique Negative 
Differential Resistance (NDR) characteristic and high cutoff 
frequency. In particular, thc NDR Characteristic, which arises 
at a low applied voltage range, has attracted a great deal of 
interests for implementing an oscillator with low DC powcr 
consumption. In previous works, several low DC power 
oscillators using the NDR characteristic of tunneling diodes 
have been introduced such as a 5.8 GHz RTD/WBT oscillator 
121 and 6 GHz HlTDiHEMT VCOs [3]. In VCOs, the 
important requirements are a sufficient frequency tuning range 
and low phase noise performance with low-power 
consumpti on. 

However, the previously reported MMIC VCOs based on 
the NDR characteristic have shown relatively low frequency 
tuning ranges and high phase noise. By improving the tuning 
range and phase noise based on an InP RTD/HBT technology, 
we have successfully demonstrated a 5 GHz MMIC VCO [4] 
with a wide tuning range previously. However, the DC power 
consumption of the VCO was relatively high due to the large 
size of the RTD used in the VCO. Besides, the output RF 
power of the VCO was small because o f  the lack of an output 
buffer for isolating the output load. 

In this work, we present the design, fabrication, and 
measurement results of an RTDiHBT MMIC VCO, which has 
been designed for Ku-band low-power/low-phase noise 
wireless applications. Compared to the previous KTD/HBT 
VCO 141, the size of the RTD is greatly reduced to decreasc 
the DC power consumption of the VCO, and an output buffer 
is used so that thc loss at the output load is reduced. Also, the 
VCO is designed to have a wide tuning range and good phase 
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power consumption of 0.71 mW with good phase noise 

noise performance. Thc details of the VCO design, fabrication 
and measurements arc discussed in the following sections. 

11. RTD/HBT VCO design 
A single 2 x 2 pm2 RTD and a parallel L-C resonator comprise 
the core VCO circuit, and an HBT emitter-follower buffer is 
connected to the core VCO as shown in Fig. I(a). The 
simplified small signal circuit model of the VCO is shown in 
Fig. I(b), where the resistance RN is the negative resistance 
generated by the RTD, CRTD is the effective capacitance of the 
RTD, CVAR is the varactor capacitance, RP represents the loss 
of the resonator, CEa is the effective input shunt capacitance of 
the buffer, and RE, is the cffectivc input shunt rcsistance of the 
buffer, The VCO is designed based on the one-port negative 
resistance oscillator topology. The RTD which has the 
negative differential resistance is used as the negative 
resistance cell in the one-port oscillator To initiate the 
oscillation, the magnitude of the effective negative resistance 

e - 
(b) 

Fig. I(a) Circuit schematic of the RTDkIBT MMIC VCO (b) 
small signal circuit model of the RTD/HBT MMIC VCO. 
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Table 1, Epitaxial layer structure of the pseudomorphic double 
barrier 1nP-based RTD 

8 -  

InGaAs 
lnGaAs 

InGaAs 

. RTD2x2pm2 

(IRN I) generated by the RTD has to be smtller than the 
Rp//R,Q (IRNI < Rp//REQ). The parallel L-C resonator is used for 
determining the oscillation frequency (fo) of the circuit as 
follows: 

The HBT buffer is integrated to isolatc the VCO core from the 
output 50 R load for measurement. In this topology, the 
required supply voltage is determined by the NDR voltage 
range of the RTD. The NDR voltage range of the InP based 
RTD is about from 0.3 V to 0.7 V. Hence, a very low supply 
voltage can be used in the VCO circuit, which reduces the DC 
power consumption significantly compared to the 
conventional-type VCOs. The good phase noise performance 
is also expected by using the low noise activdpassive devices 
based on an 1nP technology [SI. In addition, the frequency 
tuning range of the VCO can be increased by using the base- 
collector p-n junction of HBT as a varactor in the integrated L- 
C resonator, 

. 

111. Device Structure and Fabrication 
In order to integrate the RTD and HBT monolithically, a 
stacked-layer RTDiHBT heterostructure grown on an InP 
substrate is used. The detail of the RTD epitaxiaI profile is 
shown in Table 1. The Id-based pseudomorphic RTD layers 
were grown on the top of a conventional InP/lnGaAs single 
HBT structure by MBE. In order to achieve a low peak voltage 
of the RTD for the low DC power consumption of thc VCO, 
the RTD layer design has bcen optimized. The RTD and HBT 
were fabricated based on the IC fabrication technology [ti], in 
which selective wet chemical etching was used to form the 
mesa structures of the devices, and the nonalloyed 
metallization was performed for the ohmic contacts of the 

I 1 RTD 2x2 pnz 
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Fig. 2, Measured current versus voltage characteristics of the 2 
x 2 pm2 RTD at room temperature. 
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Fig. 3. Measured magnitude of reflection coefficient of the 
RTD at a bias voltage of 0.5 V at room temperature. 

Frequency (Hz) 
Fig. 4. Measured frequency characteristics of the fabricated 2 
x 10 HBT 

devices. The varactor was fabricated by using the base- 
collector p-n junction of the HBT. A NiCr layer was 
evaporated to form thin-film resistors with a sheet resistancc 
of 25 Q/U. The polyimide was spin-coated and cured at 
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Fig. 5. Microphotograph of the fabricated RTDiHBT MMIC 
vco. 
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Fig. 6. Measured output spectrum of the RTD/HBT MMIC 
VCO at a bias current of 2.1 mA and a bias voltage of 0.34 V. 

200'C for device passivation and the Au-electroplating 
process was used for the device interconnection and the spiral 

- - -11 

IV. Measurement Results 
The on wafer measurements of the fabricated RTDiHBT 

VCO were performed. The output spectrum and the phase 
noise characteristics were obtained using an HP8764E 
spectrum analyzer and the phase-noise measurement kit. Fig. 6 
shows the measured output spectrum of thc VCO. The 
oscillation frcquency of 14.73 GHz was obtaincd. An output 
powcr of - 8.0 dBm was measured at a supply voltage of 0.34 
V and a bias current of 2.1 mA From the VCO core. The DC 
power consumption of the core VCO was 0.71 mW and the 
DC-to-RF efficiency was 22.3 %. The measured DC power of 
0.71 mW is the lowest value among those of Ku-band VCOs 
to the authors' knowledge. Fig. 7 shows the measured phase 
noise of the VCO across the offset frequency range from 100 
Id-Iz to 10 MHz. The mcasured phase noise of the VCO was 
obtained to be -112.3 dBc/Hz at 1 MHz offset. Fig. 8 shows 
the measured oscillation frequency and the output power as a 
function of the applied control voltage form 0 V to 1.0 V. A 
frequency tuning range of 620 MHz was obtained from 14.73 
GHz to 15.35 GHz. The figure of the merit (FOM) [7], which 
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Fig. 9. Comparison of FOM values among the reported Ku- 
band VCOs. 

is used to compare the performance of the,fabricated VCO, 
showed a value of 196.8 dBciHz for the fabricated VCO. Fig. 
9 compares the values of the FOM for the various VCOs. As 
shown in the figure, the FOM of the fabricated RTD/HBT 
VCO in this work is much better than those of previously 
reported Ku-band VCOs. 

V. Conclusion 
In this paper, a Ku-band InP-based RTD/HBT MMIC VCO 

with very low DC power consumption was reported. The 
fabricated MMIC VCO showed extremely low DC power 
consumption due to the inherent NDR characteristics of the 
RTD. In addition, the VCO showed good phase noise 
performance of -112.3 dBc/Hz at 1 MWz offset with an 
excellent FOM valuc of 196.8 dBc/Hz. These resuIts indicate 
that the InP RTD technology uscd in this work is very 
promising for implementing the high performance MMIC 
VCO, in which low power consumption and low phase noise 
are required. 
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