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Abstract 
 This paper reports on a flip-chip assembled 7 GHz 
ultra-low phase-noise GaAs InGaP heterojunction 
bipolar transistor (HBT) monolithic microwave 
integrated circuit (MMIC) oscillator. The cross-coupled 
oscillator was flip-chip bonded to an in-house fabricated 
Al2O3 carrier with patterns optimized for low-loss 
transitions. After flip-chip, the phase noise of the cross-
coupled InGaP HBT oscillator was improved due to an 
increased Q-factor of the resonant tank. An ultra-low 
phase-noise of -112 dBc/Hz @ 100 kHz offset and -128 
dBc/Hz @ 1 MHz offset with a high output power of 7 
dBm at 7 GHz was achieved. To our best knowledge, this 
is the lowest phase noise reported for a flip-chip 
assembled oscillator. 
 
INTRODUCTION 

Low phase-noise millimeter-wave (MMW) frequency 
generation is a critical issue for future multi-GB/s wireless 
communication systems. The MMW frequency bands are 
capable of carrying high data rates thanks to the large 
amount of bandwidth available, e.g., the license-free ISM 
(Industrial, Scientific and Medical) bands around 60 GHz 
[1], or the recently allocated E-band (71-76 GHz and 81-86 
GHz) [2]. The 60 GHz band is considered to be used in 
several applications, e.g., multimedia communication, 
inter-vehicle communication, and roadside 
communication. To enable such systems, signal 
generation with stabilized frequency and low phase 
noise is needed [3]. However, frequency generation 
with low phase noise is challenging at MMW frequencies. 
One solution could be to operate the local oscillator at a 
lower frequency and use frequency multipliers [3] to reach 
the target frequency. It is believed that the overall phase 
noise will be lower with this approach as the Q-factor of the 
resonant tank in the oscillator is reduced with increased 

frequency [4]. The use of frequency multipliers to create 
millimeter-wave signals also decrease or even totally 
diminish the need of frequency dividers for phase-locking. 
 Although it is possible to design single-chip solutions 
where the oscillator and multiplier are integrated on the 
same MMIC, it may be advantageous to address a multi-chip 
module (MCM) [5] approach enabling higher flexibility in 
choice of technology for each chip. However MCM 
packaging at millimeter-wave frequencies is also 
challenging, the interconnections between the MMIC chips 
and the MCM carrier may decay the assembly performance, 
e.g., conventional bond-wires give a significant contribution 
to the parasitic inductance and thus induce unwanted effects 
at millimeter-wave frequencies [6]. In this respect, flip-chip 
interconnection has been regarded as a promising packaging 
technology for cost-effective module assembly in 
millimeter-wave systems due to its shorter interconnect 
length, higher throughput, and smaller package size [7]-[9]. 
For these reasons, flip-chip based multi-chip module (FC-
MCM) is considered as the most promising packaging 
scheme for millimeter-wave wireless applications.  
 This study investigates the flip-chip effect on low 
frequency (7 GHz) local oscillator, intended to demonstrate 
the feasibility of using this approach (combining with 
frequency multipliers) for low phase-noise mm-wave 
frequency generation. 
 
7 GHZ CROSS-COUPLED HBT OSCILLATOR 
 The oscillators were designed and simulated in Advanced 
Design Systems (ADS) using the harmonic balance tool. The 
EM (Electromagnetic) simulation tool Momentum is used 
for optimization of passive elements. The aim of the 
investigation is to reach lowest possible phase noise by 
optimizing the varactor geometry. Previous investigations 
have shown that balanced colpitts and cross-coupled 
topologies are good candidates for low phase noise [10]. Fig. 
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1 shows the chip photograph and circuit schematic of the 
cross-coupled HBT oscillator used in this study. There are 
two circuits in the same chip. The circuit on the right side is 
the fixed-frequency oscillator used in this study. Since the 
two circuits were not separated by dicing, the circuit on the 
left side was used as additional support by designing dummy 
bumps underneath its pads. The total chip area is 1.8 x 2 
mm2.  
 
FLIP-CHIP ASSEMBLY 

The oscillator was assembled using standard in-house flip-
chip process in the Compound Semiconductor Laboratory 
(CSDLab) [11]. Fig. 2 shows the photograph of the flip-chip 
bonded HBT oscillator. To investigate the influence of the 
flip-chip mounting, an EM simulation was carried out in 
ADS-Momentum. Fig. 3 shows a cross-sectional view of the 

simulated resonant tank of the oscillator with the effect from 
the flip-chip carrier taken into account. A 40 �m thick layer 
of air layer and a 254 �m thick Al2O3 layer were added to 
represent the flip-chip carrier in the Momentum substrate 
definition. Fig. 4 shows the simulated phase of the input 

 �(Zin) versus frequency before and after flip-
chip assembly. From the phase-frequency curve in Fig. 4, 
the Q-factor can be calculated as: 
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The calculated Q-factors before and after the flip-chip are 

estimated to be 28 and 33, respectively, i.e., 18 % 
improvement in Q-factor of the resonant tank after flip-chip 
assembly. In both cases the resonant-frequency was 7.2 
GHz, the shift in resonant frequency due to Al2O3 is 
negligible. To predict the oscillator phase-noise, the S-
parameters from the Momentum simulation were inserted 
into the oscillator equivalent-circuit and the phase noise 
simulated with the Harmonic Balance tool in Agilent 
Advanced Design System. The simulated and measured 
phase noise are shown in Fig. 7. Due to the higher Q-factor, 
the phase noise is improved after flip-chip as expected.  
 
MEASUREMENT RESULTS 

As seen in Fig. 1, the cross-coupled oscillator has a 
balanced output. The characterization of the circuit was 
accomplished by measuring one of the outputs, while the 
other was terminated in a 50 
 load. Both outputs were also 
externally attenuated 3 dB to reduce the loading of the 
oscillator. Fig. 5 shows the measured dc current 
consumption of the oscillator, i.e., Ic versus Vbb at Vcc = 8 
V, before and after flip-chip assembly. After flip-chip, the 
current consumption was lower. Although the reduction was 
marginally within the range of the measurement accuracy, a 
slight reduction could be expected due to the improved tank-

Fig. 1. (a) Chip photograph (the right one) and (b) circuit schematic of the 
cross-coupled HBT oscillator. 

(a) (b)

 
Fig. 2.  Photograph of the flip-chip bonded HBT oscillator. 
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Fig. 3. Cross-sectional view of the simulated resonant tank of the oscillator 
taking the flip-chip effect into account. 

GaAs, �r = 12.6

Al2O3, �r = 9.7

Inductor

254 �m

40 �m

100 �m

Air, �r = 1 Inductor

Tank Oscillator

FC Carrier

Fig. 4. Simulated phase of the input impedance �(Zin) of the oscillator
versus frequency before and after flip-chip assembly. 
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Q. Fig. 6 shows the measured output power and oscillation 
frequency versus base voltage (Vbb). After flip-chip 
assembly the output power remained the same and the 
oscillation frequency was shifted as little as 25 MHz 
(0.35%). Fig. 7 shows measured and simulated phase noise 
for the flip-chipped oscillator and the probed MMIC 
oscillator compared to simulations. As can be seen in Fig. 7, 
the phase noise was improved after flip-chip assembly, 
probably due to the better Q-factor resulting from the 
mounting effect of the flip-chip. The simulation and 
measurement results correspond well below Vbb = 3 V. 
Above Vbb = 3 V, the simulated results does not agree with 
the measurements, the reduced phase noise in simulation is 
most likely an artifact from model limitations when the 
oscillator goes into the voltage limited region. After flip-chip 
assembly, the lowest phase noise are -112 dBc/Hz @ 100 
kHz offset and -128 dBc/Hz @ 1 MHz offset. Compared to 
the previous publications [12]-[19], this is the lowest phase 
noise reported for a flip-chip assembled oscillator. Table I 
presents the key-figures of the flip-chip oscillator in this 
work compared to flip-chip oscillators in open literature. To 
be able to compare phase noise of oscillators operating at 

different frequencies, the results are bench-marked after a 
normalized phase noise (PNnorm) at 1 GHz and 100 kHz off-
set, calculated using Leeson’s equation [20]. 
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Where f0 is the oscillation frequency in GHz and PNdB is 
phase noise measured at an off-set frequency �f [kHz]. The 
figure of merit PNnorm resembles the conventional oscillator 
FOM [21] apart from the fact that it does not include the 
power consumption which is intentionally omitted as it 
mixes up two parameters into the same figure of merit. The 
dc power consumption of the oscillator in this work is Pdc = 
8×20 = 160 (mW), which would yield a FOM of -187 using 
the definition in [21], which is very competitive. However, it 
is better to present phase noise and power consumption 
individually. First the requirements on phase noise must be 

Fig. 5. Measured collector current of the oscillator before and after flip-chip
assembly. The collector bias voltage is Vcc=8V. 
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Fig. 6. Measured output power and frequency of the oscillator as function
of the base voltage (Vbb) before and after flip-chip. 
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Fig. 7. Measured and simulated phase noise of the oscillator before and 
after flip-chip assembly. The collector bias voltage is Vcc=8V. 
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Table I The flip-chip oscillator in this work compared to flip-chip 
oscillators in open literature 

Flip-Chip 
oscillator

Device 
Technology

Frequency 
(GHz)

Phase Noise 
(dBc/Hz)

Normalized Phase 
Noise (1 GHz, 100 

kHz)
[12] CMOS 2.4 -108 @ 600 kHz -100
[13] CMOS 4 -126 @ 1MHz -118

This Work HBT 6.9
-111.33 @ 100 kHz 
-128.83 @ 1 MHz 

-127.8

[14] pHEMT 27 -84 @ 1 MHz -92.6
[15] pHEMT 27.55 -109 @ 1 MHz -117.8

[16] AlGaAs/InGa
As FET 31.7 -90 @ 1 MHz -100

[17] Gunn 34.45 -83.7 @ 100 kHz -114.4
[18] Gunn 58.74 -87.67 @ 100 kHz -123
[19] Gunn 76 -104 @ 1 MHz -121.6
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fulfilled. Then it must be verified that the power 
consumption is not too high for the application in mind. 

It should be mentioned that data compared in this work 
are measured with the HP8565EC spectrum analyzer, the 
MMIC oscillator was also measured using a dedicated phase 
noise measurement system Agilent 5500A with better noise 
floor. Then a phase noise as low as -117 dBc/Hz at 100 kHz 
off-set was reached [10]. 

 
CONCLUSION 
 This work successfully demonstrates flip-chip assembly 
of a 7 GHz low phase-noise cross-coupled HBT oscillator 
with an ultra-low phase noise for mm-wave frequency 
generation. It is shown that flip-chip bonding is an excellent 
assembly technology for the implementation of millimeter-
wave frequency sources. Compared with the bare-die 
measurements, the flip-chip technology does not have any 
detrimental effect on the chip performance. On the contrary, 
the chip performance was improved. After flip-chip, the 
phase noise of the cross-coupled InGaP HBT oscillator was 
improved due to an increased Q-factor of the resonant tank. 
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