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Abstract

In this paper, we present a new current-current negative feedback(CCNF) differential voltage-controlled oscillator
(VCO) with 1/f induced low-frequency noise suppressed. By means of the CCNF, the 1/f induced low-frequency noise
is removed from the proposed CCNF VCO. Also, high-frequency noise is stopped from being down-converted into
phase noise by means of the increased output impedance through the CCNF and the feedback capacitor Cr. The
proposed CCNF VCO represents 11-dB reduction in phase noise at 10 kHz offset, compared with the conventional
differential VCO. The phase noise of the proposed CCNF VCO is measured as —87 dBc/Hz at 10 kHz offset fre-
quency from 5.5-GHz carrier. The proposed CCNF VCO consumes 14.0 mA at 2.0 V supply voltage, and shows

single-ended output power of —12 dBm.
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I. Introduction

Recently, as high-quality local signal is necessary at
mobile wireless phone such as CDMA and GSM, a lot
of low phase noise VCO circuit design techniques have
been developed to diminish the phase noise of VCO! ™,

In VCO having LC-tank resonator, different noise
sources are generated from both active devices and
resonator, and then closely converted around the carrier
frequency by the nonlinear operation of the switching
active devices. The dc-blocking capacitors of the cross-
coupling path are used to obtain balanced signal and to
diminish the low-frequency noise due to all even
harmonics. However, the capacitors increase low-ftre-
quency voltage due to the high output impedance at the
output node, causing worse phase noise. Accordingly,
the output impedance was reduced by low-frequency
feedback",

In reference [2], a cascode current source with capa-
citor filter was utilized to suppress the low-frequency
noise in 1/f° region. The common-mode node is not
nearly changed because its output impedance is very
high.

In order to suppress the low-frequency noise down-
converted from thermal noise around all even har-
monics, the LC low-pass filter is connected from the

collector node of the tail current transistor to groundm.

Additionally, the degeneration inductor is connected
from the source of the tail current transistor to ground
in order to diminish the tail current noise"..

In oscillator using FET device, it is reported that the
low-frequency feedback method has suppressed the
induced input noise voltage from the flicker noise of
FET device, reducing the interaction between FET and
flicker noise generatorls]. Therefore, we can reduce the
phase noise of VCO at low-offset frequency through
the low-frequency feedback network that consists of
resistor and transistor® "%,

Rohde first presented the low-frequency feedback
oscillator circuit and showed significant phase noise
improvement[(’]'[”]. But the oscillator circuit includes
resistor and inductor in the feedback path. The resistor
causes thermal noise, which degrades phase noise in
oscillator. The inductor is voluminous to integrate in
silicon RFIC oscillator. Also, Rohde's oscillator is
susceptible to common-mode noise such as power
supply noise because of its single-ended type. There-
fore, Rohde's oscillator needs to be improved for silicon
RFIC oscillator.

-In this paper, we present not only an improved
differential current-current negative feedback oscillator
that has suitable structure for RFIC oscillator, but also
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describe the CCNF oscillator in detail. Through this
paper, we suppress the low-frequency noise using the
CCNF oscillator whose output impedance is increased
by loop gain. The CCNF has an important role to
sample the low-frequency noise and cancel the noise
source at the base input port of (). We achieved 11-dB
improvement in the phase noise of the proposed VCO
using CCNF. The phase noise of the proposed CCNF
VCO is measured as -87 dBc/Hz at 10 kHz offset
frequency from 5.5-GHz carrier. The CCNF VCO
consumes 14.0 mA at 2.0 V, and represents single-
ended output power of -12 dBm.

1. Design of CCNF VCO

2-1 Intuitive Description about CCNF VCO

In this section, the qualitative description is given
about the low-frequency noise suppression technique in
the CCNF oscillator of Fig. 1. Since positive feedback
is generated by the base-emitter capacitance of () and
Cr at high frequency, the CCNF oscillator is Colpitts-
type oscillator. The CCNF oscillator of the left-side
circuit in Fig. 1 is composed of emitter follower O,
low-frequency feedback resistor R, high-frequency feed-
back capacitor C;, and feedback amplifier O;. The same
right-sided CCNF oscillator is symmetrically connected
through the LC-tank resonator to form balanced osci-
llator. In the proposed CCNF oscillator, the emitter
current of @) is sampled by R; and injected into the
base resistor of (; at low frequency. So, the proposed
VCO is called CCNF VCO. By means of CCNF,
therefore, the l/f induced low-frequency noise is
sampled by feedback resistor R, and is feedback to the
base of O through Qs The feedback low-frequency
noise cancels the low-frequency noise source induced at
the base input of @) such as flicker noise, shot noise
and thermal noise®™. The low-frequency noise from
the tail current source is also suppressed by means of
R; and the increased output impedance by the CCNF.

While the feedback capacitor C; shorts both high-
frequency noise around even harmonics and high order
harmonics to ground, it generates positive feedback at
fundamental frequency. Here, the feedback-boosting
transistor 3 has an important role not only to boost
high-frequency power gain, but also to suppress the
whole low-frequency noise of the CCNF VCO through
the feedback operation of CCNF.

2-2 Noise Suppression using Current-Current Feed-
back Netwark
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Fig. 1. Proposed CCNF differential VCO circuit diagram.

In the Fig. 2, there shows up the low-frequency
equivalent circuit model of the proposed CCNF osci-
llator. The small-signal equivalent circuit of Qs is
simply drawn in the dotted line of Fig. 2. Here, s
represents both base spreading resistance and contact
resistance, and »; is the incremental resistance of
forward biased base-emitter diode of (5. As shown in
the Fig. 2, the base input noise voltage v.» is induced
by flicker noise source vy The induced input noise is
converted to the carrier by the nonlinear mixing
operation of the amplifier {1, and has significant effect
on the phase noise of VCO. According to [5], however,
the base input noise . can be diminished by negative
feedback which is locally caused by the emitter
resistance Ry of Q1. This is approximately expressed by
Egs. (1).
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Additionélly, if considering negative feedback by
CCNF with (3, the base input noise is more suppressed
as given by Egs. (2).

v
n
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where 4,; and 4,3 is the voltage gain of Q) and @5,
respectively. As given by equations (1) and (2), the
base input noise voltage could be more reduced with
the increasing voltage gain of Q; and (s, respectively.
As explained in the previous section, the sampled
low-frequency noise v.. injects into the base of O3 and
is amplified to cancel v, as shown in Fig. 2.

Also, due to the loading effect of CCNF, the output
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Fig. 2. Low frequency equivalent circuit model.

impedance is enhanced and the input impedance is
reduced by loop gain®™, Since the increased output
impedance of CCNF takes a similar role with the
inductor on the current source in [3], [4], the tail
current noise is stopped from being converted into the
phase noise of the carrier.

2-3 One-Port Analysis

In the Fig. 3, the approximate high-frequency small-
signal equivalent circuit model is presented. The
small-signal equivalent circuit represents only the active
part to generate negative resistance except the LC-tank
resonator of Fig. 2. Resistors of Fig. 2 are ignored at
high frequency. Here, it is assumed that the miller
capacitances of ¢ and Qs are considered only at the
input port of each transistor, but neglected at the output
port because miller effect is usually small at the output
port. Now the input impedance of Fig. 3 is derived
using test signal 7). Then it is demonstrated that the
input impedance has negative real part at high
frequency. If the test signal voltage ¥, is applied to
node y of Fig. 2 and then the input current I, is
measured, it is capable of calculating the input
impedance through from Eqs. (3) to (5).

gml
V,==2L)
V,=Vi+V, 7 sc ! 3)
EmEm
Iy=sclI/l+gm3V3=[scl+_Slc_3i)Vl @)

Here, it is assumed that the emitter current of O is
approximately equal to the collector current of ¢ That
is, the base current of (; is ignored in order to simplify
Zin. Substituting Eqgs. (4) into Egs. (3), the input impe-

Fig. 3. High frequency equivalent circuit model.

dance Z;, is approximately calculated as Egs. (5).
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where C; is the parallel combination of Cr and Cs. C
and C; is base-emitter junction capacitance including
miller capacitance of Q) and 03, respectively. Also,
SINCE gmigme << ©°CiC; at high frequency, the denomi-
nator is approximately equal to ©’C\C,. Since the
feedback resistor Cs is included in the negative real part
of Egs. (5), the magnitude of negative resistance is
controlled by the adjustment of Cr

The simulated input impedance is presented in the
Fig. 4. As operating frequency grows up, it shows
larger negative resistance. Through the maximum point
of the negative real part, the magnitude of the negative
resistance starts to be decreased as operating frequency
increases. Also,the magnitude of the negative resistance
rises up with Cy increasing, which does not consist with
the real part of Z,. This simulation results from the
approximation of Z; that does not consider resistances
and additional capacitances.

100

Real {Zin)

frequency [GHz]
Fig. 4. Simulation result of real part of Z.
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[II. Meausrements and Discussions

In order to demonstrate the phase noise improvement
of the proposed CCNF VCO, we manufactured another
conventional 5.5-GHz VCO using 0.8 zm SiGe HBT
process technology. The complete schematic diagram of
the conventional VCO is given in Fig. 5. In Fig. 6, the
chip photographs of the two VCOs are shown, and their
sizes are 1.0 mmx0.8 mm (a) and 0.7 mmx0.7 mm
(b), respectively. :

Fig. 7 represents the 5.54-GHz signal output power
spectrum of the proposed CCNF VCO whose output
power is about -12.0 dBm considering cable loss and
connector loss. The measured phase noises of the
conventional VCO and the proposed CCNF VCO are
compared in Fig. 8. The phase noise difference between
the conventional VCO and the proposed CCNF VCO is
about 11 dB at 300 kHz offset frequency from 5.5-GHz
carrier.

Therefore, it is demonstrated that the phase noise of
the proposed CCNF VCO is improved by means of the
current-current negative feedback network. Since the
phase noise of the CCNF VCO is more reduced at
low-offset frequency, the proposed CCNF has a sig-
nificant effect in suppreséing low-frequency noise such
as flicker noise and shot noise.

For the purpose of comparing the performance of the
conventional differential VCO and the proposed CCNF
VCO, Figure of Merit (FOM) is calculated as given by
Egs. (6)".

FOM =10log £, —10log( f;:P)-dB{L(, )] (6)

osc

where foc is oscillation frequency, f. is offset fre-
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Fig. 5. Conventional differential VCO.
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(b) The CCNF VCO

Fig. 6. Chip photographs.
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Fig. 7. Measured output power of the CCNF VCO.
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quency, P is dissipated power, an L(f,) is phase noise
measured at fm.

The performance results of the conventional VCO
and the CCNF VCO are summarized in Table 1. The
FOM of the CCNF VCO is larger by 12 dB than the
conventional VCO. Additional, high-order harmonics
are more suppressed as -27 dBc through the feedback
capacitor Cy.
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Fig. 8. Measured phase noise of the conventional VCO
and the CCNF VCO.

Table 1. Summary of performance parameters about the
conventional VCO and the proposed CCNF

VCO.

VCO type Conventional Proposed colpitts
Parameters VCO vCO
Ve [V] 2.5 2.0
Liotal [MA] 13.5 14
i Pow [dBm] -10.6 -12
iTuning range [MHz] 5,380~5,520 5,410~5,540
" Harmonics [dBc] <-23 < -27
 Phase noise [dBc/Hz] | - 77@ 10 kHz | —-87@ 10 kHz
T’hase noise [dBc/Hz] | —89@ 100 kHz | —98@ 100 kHz
Phase noise [dBc/Hz] | —94@ 300 kHz |- 105@ 300 kHz
Phase noise [dBc/Hz] | —-102@ 1| MHz |-108@ 1 MHz
Phase noise [dBc/Hz] |-109@ 4 MHz |-110@ 4 MHz
Figure of merit [dB] 174 186

V. Conclusion

The proposed CCNF VCO is presented for the
purpose of improving phase noise in the conventional
differential VCO. By the measured results, the phase
noise of the proposed CCNF VCO is improved as
much as 11-dB at 300 kHz offset from 5.5 GHz carrier
compared to the conventional differential VCQO. There-
fore, we have achieved the effect that the phase noise
of VCO is reduced by means of the low-frequency
current-current negative feedback(CCNF). Also, the pro-
posed CCNF VCO results in more suppressed har-
monics by the feedback capacitor C. The conventio-
nal VCO and the proposed CCNF VCO was designed
and fabricated using 0.8 xm SiGe HBT process tech-

nology.

This work was supported by the Ministry of
Information and Communication, Republic of Korea.
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