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Abstract: An ultra-low-power K-band LC-VCO (voltage-controlled oscillator) with a wide tuning
range is proposed in this paper. Based on the current-reuse topology, a dynamic back-gate-biasing
technique is utilized to reduce power consumption and increase tuning range. With this technique,
small dimension cross-coupled pairs are allowed, reducing parasitic capacitors and power consump-
tion. Implemented in SMIC 55 nm 1P7M CMOS process, the proposed VCO achieves a frequency
tuning range of 19.1% from 22.2 GHz to 26.9 GHz, consuming only 1.9 mW-2.1 mW from 1.2 V
supply and occupying a core area of 0.043 mm?. The phase noise ranges from —107.1 dBC/HZ to
—101.9 dBc/Hz at 1 MHz offset over the whole tuning range, while the total harmonic distortion
(THD) and output power achieve —40.6 dB and —2.9 dBm, respectively.
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1. Introduction

To demand the high data rate of a wireless communication system, millimeter wave
(mm-wave) is the most promising candidate due to its wide available bandwidth [1].
It is a very challenging task to design a voltage-controlled oscillator (VCO) with low
power consumption, low phase noise and wide tuning range, which are limited by each
other. Nowadays, handheld devices are rapidly increasing and circuits with low power
dissipation are critical. VCOs occupy most power consumption in PLLs, of which more
than half comes from oscillators. Recently, VCOs have evolved from a single LC-tank
(e.g., class-B [2] and class-C [3]) to the multi-resonant tank (e.g., class-F) [4-6]. In order to
tackle the power consumption challenge, current-reuse topology has become more and
more popular. The authors in [7] first demonstrated NMOS-PMOS cross-coupled pairs
to form current-reuse topology. Compared with conventional structure, negative pairs
are switched on or switched off simultaneously, reducing half of the power consumption.
Based on [7], several topologies are developed, such as [4,5]. Although this topology
can achieve excellent phase noise performance and a wide tuning range, the design of
transformers is difficult and complicated. The authors in [8,9] proposed a transformer
feedback technique to realize low power consumption with low phase noise. The authors
in [10] achieved low power with Colpitts VCO and proposed the Gm-Boosting technique
and forward-body self-biased technique to reduce power consumption. However, the
phase noise performance of this structure is not so good. In addition, two capacitors
are needed to divide the resonant cavity and the transistor, resulting in more die area.
At the same time, multi-core VCOs are an area of focus in mm-wave [11,12] which can
achieve a wide tuning range and a low phase noise but with the cost of complicated design
flow, power consumption and die area. Therefore, single-core VCO remains the most
popular topology.

Based on the current-reuse topology [7], a more effective and simple method was
proposed in this paper to achieve low power and wide tuning range simultaneously. The
method relies on the dynamic back-gate-biasing technique, which periodically adjusts
cross-coupled pairs’ bulk to change threshold voltage in different status. At the same
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time, the technique can relax start-up condition with direct voltage in cross-couple pairs,
so smaller dimension negative cross-coupled pairs are allowed, which can significantly
reduce power dissipation and parasitic capacitance. This technique uses the asymmetry of
the output in current-reuse topology, so an error voltage can be extracted from inductance
with central tap and fed back to bulk. In mm-wave VCOs, parasitic capacitance is a serious
problem and small dimension transistors are necessary. The detailed principle will be
discussed in the next section.

The paper is organized as follows: Section 2 introduces the proposed topology and
its simplified small signal model. Additionally, the relevant design principle is discussed.
Section 3 demonstrates the post-layout simulation results, and Section 4 draws a conclusion.

2. Design and Analysis of CR_VCO

In this part, the topology of the proposed current-reuse VCO will be briefly intro-
duced. To understand the start-up condition, a simplified equivalent small signal model
is presented. Additionally, the behavior model is then shown to explain the principle of
dynamic back-gate-biasing technique.

2.1. Schematic and Its Small Signal Model

Figure 1 presents the schematic of the proposed VCO. The resonance tank consists
of MOS varactors, Cvar, inductors L with central tap and a fixed MOM capacitor Cp. To
sustain LC-tank oscillating, MN1 and MP1 form a cross-coupled pairs, called a Gm-cell,
providing enough negative resistor to compensate for the losses caused by the equivalent
resistors Rp of LC-tank. Cc, connected in/out-put node, can filter out noise. To make the
circuit schematic more readable, the DC bias in bulk is neglected. An appropriate biased
voltage in bulk is selected to guarantee that the body-to-source of NMOS is positive (i.e.,
Vps > 0) and the body-to-source of PMOS is negative (i.e., Vjs < 0). In this way, threshold
voltage can be decreased to boost the transconductance of MN1 and MP1, but consumes
more power consumption. To solve this problem, extracting error voltage (i.e., V) from
the central tap is used to dynamically adjust bulks of My and Mp;. The detailed principle
will be discussed in the next section. Due to the asymmetric output waveform, Rs is used
to relieve the problem and VCO operates in current-limited mode [7].

VDD GND
-1/gmp -1/gmn
| Rs
Chb Cb
RB RB
VBP I Mpr1 \L \L Mn1 I VEN
Ca Ca
T T
e ) TR i S
ouUT2 OUT1
Buffer C¢ Ce L (Y/M Ce C4  Buffer
SS— p T - I
N RP e
GND TN 6 rZAN GND
Cvar Vtune Cvar
I

Figure 1. Schematic of the proposed current-reuse voltage-controlled oscillator (VCO).

Based on [13], the simplified small signal equivalent circuit is shown in Figure 2.
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Figure 2. Schematic of the proposed current-reuse VCO.
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Y, and Y;, represent, respectively, the admittance of PMOS and NMOS looking into
the drains. Due to the fact that r,;, and r,,, can be ignored, Y}, and Y}, can be expressed as
follows:

Vsb

Yp = gmp <1 + WpVSg;) (1)
Vb

Y, = 8mn <1 + 1 ngZ) )

where ¢y and gy are the transconductance of PMOS and NMOS, respectively. 17, and 77,
represent body parameters, # is defined as g,/ gm. Additionally, Vsbp/ Vigps Visn and Vs
are the gate-to-source and back-to-source voltage of PMOS and NMOS, respectively.
Here, the LC-tank is represented as the source. I, is the current flowing through
LC-tank and Vy is the voltage at its both ends [14]. The effective admittance Y},;,; can be

calculated as follows: |
Yiotal = 79; = YP “ Yy 3)

assuming the cross-coupled pairs are NMOS-only or PMOS-only (i.e., Y, = Y;). Addi-

tionally, Vpp is much smaller than VDD, while Vpy is higher than GND. The effective
admittance can be expressed as

V
Ytotal:_g2m<1+77 bS|> (4)

From Equation (4), it can be seen that the body effect can increase the admittance of
Gm-cell to relax startup condition.

To compensate for the loss of an LC-tank, the negative resistance must be large
enough [14]. Therefore, the start-up condition is shown as follows:

1
|Yt0tal| > E (5)
L
R, ~
P~ RiCr (6)

where R; is the equivalent series resistor of the inductor, Cr is the equivalent capacitor
in parallel with LC-tank and is dependent on the dimension of transistors. According
to (5) and (6), there are several significant ways to improve performance in the start-up
condition. Firstly, increasing the dimension of the cross-coupled pairs and supply can
boost effective admittance, but the circuit will dissipate more power and introduce more
parasitic capacitance. Therefore, the dimension of transistors should be carefully taken into
consideration. Secondly, the optimization of layout can decrease the parasitic capacitor
connected to the LC-tank and the inductor series resistor.
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2.2. Dynamic Back-Gate-Biasing Technique

Before discussing the principle of the back-gate-biasing technique, it is worth intro-
ducing the behavior model and parasitic effect of current-reuse VCO. The behavior model
of current-reused VCO is depicted in Figure 3. The circuit can operate in two states peri-
odically. Mp; and My can be simplified as switches, SP1 and SN1. Additionally, Cy and
C, represent equivalent capacitors in node X and node Y, respectively, including parasitic
capacitors connected to LC-tank. The oscillation frequency fj is shown as follows:

fom 11 )
" anyIC, 27, /LCy
1 1 1
Cx=Cy = ECW(V) +5Cp + 5Cc + Cpar (8)
rms[i(t)]|f
Conr(V) =~ i = F(Vtune 1 Vx(y)> ©)
rms(T) f[)

where Cy,r (V) is the average capacitance of MOS varactor over a single period and can
be calculated by the method described in [15]. Cysr(V) is determined by current i(t) of
MOS varactors and voltage difference V () between the tuning voltage (Vi) and dynamic
node voltage of X or Y (Vy or Vy). Cpyy is the parasitic capacitors from transistors. In mm-
wave application, parasitic capacitors cannot be ignored. When the size of cross-coupled
pairs is large, the parasitic capacitance will be comparable with variable capacitance
Cuar. According to the capacitance distribution of an MOS transistor and the Miller effect,
Figure 3 presents the simplified equivalent capacitance model of the cross-coupled pairs. If
the substrate is virtual ground, the parasitic capacitance Cg, should be considered.

Cgd2
11

Cgdl
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Equivalent
capacitance
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Cgs2
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7T hT T

L T

!

Figure 3. The simplified equivalent capacitance model of the cross-coupled pairs.

When My; and M, are equal, the equivalent parasitic capacitance can be expressed
as follows:

It can be seen that the parasitic capacitance introduced by the gate-drain capacitance
Cq4 is the largest. Therefore, in the circuit layout design process, the layout should be
optimized to reduce the gate-drain capacitance. Assuming that the outputs nodes V; and
Vy are equal, the average capacitance of varactors equivalent to the LC-tank is Cyr (V) /2.
The comparison of calculation and simulation results with different tuning voltages, as
shown in Figure 4a. When considering parasitic capacitance, the calculated frequency
will be lower than the simulation results. On the contrary, the calculated frequency will
be higher than the simulation. However, the error will increase in the high frequency
cases. Figure 4a shows that there is a certain error in the model in the high frequency
range. After considering the parasitic capacitance, the trend of calculation results is close
to the simulation results. Figure 4b shows the average capacitance that varactors variate
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with tuning voltage. As Vi, increases, Cyar (V) will decrease. This can explain why the
frequency will drop as the tuning voltage increases.
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Figure 4. (a) Calculation and simulation results of oscillation frequency under different tuning voltage; (b) average

capacitance under different tuning voltage.

When V), is “low” and Vp, is “high”, MP1 and MN1 are turned on simultaneously. A
current path flowing from VDD to GND is formed, and as seen from Figure 4, Is; is the
current. When V), is “high” and V;,, is “low”, the transistors are cut off, so energy stored
in capacitors is used to compensate for a loss of LC-tank. From Figure 5, the current Is,
is flowing from Cy to C, instead of to the ground, achieving an effective way to decrease
power consumption.

Firsthalf | Second half VDD
period l permd

SPl Cx
I

X |

% ND

i

Figure 5. Behavior model of current-reuse VCO.

VpO

&

Star-up condition is a critical problem to limit the ultra-low-power VCO. There are two
major ways to decrease power consumption. The first one is to decrease supply voltage,
the second way is to reduce the dimension of transistors. In a word, the key to lower power
is to limit the current flowing into the LC-tank. In order to limit the parasitic capacitors,
the proposed VCO employs small size transistors. However, Gm-cell may not provide
sufficient negative resistors. To solve this problem, an appropriate DC bias is applied to
bulk to boost transconductance of the transistors. Additionally, the fixed capacitor Cp can
improve the quality factor of an LC-tank [16]. However, threshold voltage will decrease
to cause more power consumption. Therefore, dynamic back-gate-biasing technique is
proposed to further reduce power consumption.

Here, is the basic principle of the technique. Due to the imbalance of current-reused
VCO, an error voltage of node X and node Y appear in the central tap of inductor. Assuming
voltage in X and Y is inverse, the error voltage is expressed as follows:

Vi(wt) = Vycos(wt) — (V) — V) cos(wt — ) (11)
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where w is the oscillation frequency, V), is the peak amplitude and §V is the mismatch
voltage of amplitude in node X and node Y. Ideally, if the output is symmetric, 5V equals
to zero and central tap behave as virtual AC ground.

The proposed VCO employs a capacitive divider to extract the error voltage Vg which
is passed to the bulk of negative device, so the threshold voltage periodically varies with
output voltage. To explain in more detail how threshold voltage changes, Figure 6a,b show
the transient simulation of PMOS and NMOS, respectively.

.................................. E VN
ON: VBN
........ : A e
2.86 2.88 2.89 29 291 2.86 2.87 2.88 2.89 29 291
time (ns) time (ns)
(a) (b)

Figure 6. Transient simulation of gate, bulk and central tap: (a) PMOS and (b) NMOS.

Due to the dynamic back-gate-biasing technique, the threshold voltage of MOS de-
creases to approximate 0.3 V. From Figure 6, the voltage in bulk (i.e., Vpy) is in opposite
phase with that in the gate (i.e., Vgn. This means that the threshold voltage will increase
while cross-coupled pairs are gradually turning on. Accordingly, the transconductance of
MOS decreases and the current will be limited so that less power is consumed. Although
the technique can slow down the time of turning off, it can be ignored.

According to [17], the lowest available frequency is limited by the start-up condition
while the highest available frequency is limited by the parasitic capacitance. In a word,
the quality factor of passive components and parasitic capacitors limits the tuning range,
shown as in Equation (11):

Cmgx Cmax + Acpar

> 12
Cinin Cinin + Acpar ( )

where ACy,;, is the parasitic capacitors. Based on Equation (8), if ACp,r were comparable to
value of varactors, the ratio of Cy;4y and C,,;,, will be significantly reduced. The proposed
VCO can effectively reduce the parasitic capacitance by allowing transistors with small
sizes. This is another advantage introduced by this technique. As mentioned above, the
threshold voltage will increase when cross-coupled pairs are switched on and parasitic
capacitors from transistors slightly decrease, so that the tuning range can be extended. To
further minimize the parasitic capacitor, the channel lengths of the transistors, called L, are
set to be shortest.

3. Post-Layout Simulation Results

The modified LC-VCO is implemented in SMIC 55 nm 1 P7/M CMOS low-power
technology. It is essential to minimize the parasitic capacitors, especially parasitic capacitors
of cross-coupled pairs. Figure 7 shows the whole layout, with a core area of 0.043 mm?.
The oscillation frequency is tuned from 22.2 GHz to 26.9 GHz (19.1%) with the control
voltage from 0 to 1.3 V. The MOS varactors operate in accumulation mode. To increase the
tunning linearity, the output DC voltage should be set at an appropriate value based on the
C-V characteristic of MOS varactors.
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Figure 7. The layout of the proposed VCO.

As shown in Figure 8, the phase noise at 1 MHz offset is —101.9.4 dBc/Hz at 26.9 GHz
and —107.1 dBc/Hz at 22.2 GHz. In mm-wave, Q of varactors greatly limits the perfor-
mance of VCOs. When the MOS varactors are working in accumulation region or depletion
region, the Q of the capacitor is proportional to L =2 and L~!, respectively [2]. To optimize
the phase noise, the channel length should be the shortest.

= fosc1=22.2GHz pwr1=1.9mW
fosc2=26.9GHz pwr2=2.1mW

= | ! |

S © ® =
S e e e
o o o o
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107

=
(=]
—_
(=}

relative frequency (Hz)

Figure 8. Phase noise of VCO at 22.2 GHz and 26.9 GHz.

When the VCO operates at the lowest operating frequency of 22.2 GHz, it has the
minimum phase noise of —107.1 dBc/Hz and the lowest power consumption of 1.9 mW.
The transient simulation is depicted in Figure 9. The proposed structure has an asymmetry
differential output with an output swing of around 300 mV. The imbalance of outputs
will affect the phase noise performance, so a more effective way to improve the symmetry
of current-reused topology is needed. From the spectrum of output waveform, the total
harmonic distortion (THD) can be calculated. Since the fundamental wave is much larger
than the third harmonic, higher harmonic components are ignored and the THD can
be regarded as the difference between the fundamental wave and the second harmonic
component. When VCO operates in the lowest frequency. The approximate value of THD
is —40.6 dB.
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Figure 9. Post-layout simulation of VCO in minimum oscillation frequency and its spectrum.

Figure 10 shows a measured operation frequency and power consumption in different
tuning voltage from 0 V to 1.3 V. As shown in Figure 11, the output power is positively
related to the tuning voltage Vtune, but the THD will deteriorate due to the increase in
frequency. The proposed circuit has a THD performance of —40 dB~—19.7 dB and an output
power of —6.9~—2.9 dBm over the tuning range.

28 2.2
A27 Frequency(GHz) 2.15
T 26 Power(mW) 2.1 E
= 2053
25 -
S 24 2 g
3 1.95 3
v 23 a
= 1.9
22 1.85
21 1.8
0 010203040506070809 1 111213
Vtune(V)
Figure 10. Operation frequency and power vs. tuning range.
-15 0
-20 THD(dB) -1
-2
o-25 Pout(dBm) 3 ’é‘
S [aa]
% -30 -4 §
~-35 53
60
‘40 _7
-45 -8
0 010.2030405060.70809 1 111213
Vtune(V)

Figure 11. THD and output power vs. tuning range.

Figure 12 presents the phase noise at 1 MHz and 10 MHz offset across the tuning range.
To measure the overall performance in terms of operating frequency, phase noise, power
and tunning range, whilst FoM and FoMr are defined as shown in Table 1 and shown in
Figure 13. At 1 MHz offset, the FoM can changes from —182.8 dBc/Hz to —185.1 dBc/Hz
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over the whole tuning range, while the FoMr is 5.6 dB lower than FoM. The larger the
absolute value of FoM and FoMr, the better the overall performance will be. If the VCO
can operate in mm-wave with low power consumption, low phase noise and wide tuning
range, an excellent FoM and FoMT can be achieved. However, due to the limitations
of passive components and the parasitics parameter, high FoM and FoMr are difficult
to realize.

-100

-105

110 PN@1MHz
) PN@10MHz

-115
-120

-125

Phase Noise(dBc/Hz)

-130
0 0.1 02030405¢06070809 1 11 1.2

Vtune(V)

Figure 12. Phase noise vs. frequency.

Table 1. Performance summary of different VCOs.

This Work * [5] [6] [91 [10] [11]
Process (nm) 55 65 28 65 65 40
Supply (V) 12 1.1 1 0.9 1 0.95
Tuning range 22.2~26.9 25.2~29.38 27.3~31.2 26.5 26.3 23~29.9
TR (%) 19.1 15.3 NA 14 20.1 26.1
Area (mmz) 0.043 0.116 0.15 0.22 0.22 0.1
Power (mW) 1.9~2.1 3.03~3.44 22~23 10.8 2.3 16
PNoise@1 MHz
(dBe/Hz) —107~—101 —104~—-103.9 —106~—104 —105.8 —121 —110
PNoise@10 MHz —1277~—1229  —1235~-1225  —125~—126 ~130 NA NA
(dBc/Hz)
FoM@1 MHz
(dBc/Hz) 1 —182.8~—185.1 —187.3~—187.6 —184~—183 —184 —191.8 —187~—-186.5
FoM;@1 MHz
(dBe/Hz) Py —188.4~—190.7 —191.3~—190.9 —184 NA NA —195.3~—194.8
* all the data of this work are the post-layout simulation results. ! FoM = L{Aw} — 20log(%2) + 1010g< 11:1{,\,) ;

TR
2 FoMT = FoM —20log(£%).

Table 1 shows the performance comparison of different state-of-the-art VCOs. Com-
pared with these VCOs, the proposed VCO can achieve a lower power consumption and
wide tuning range with a simple topology. In the mm-wave band, Q of LC-tank is deter-
mined by the varactor and capacitor array, whose Q is extremely low. At the same time,
to demand a wide bandwidth, the wide tuning range of VCO is critical. The proposed
VCO can realize lower power consumption with a wide tuning range without switching
capacitor array while keeping the phase noise of —101~—107 at 1 MHz offset. However,
the variation of phase noise is too large over the tuning range. Due to it having the simplest
structure, our VCQO's area is the smallest.
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Figure 13. FoM and FoMr vs. frequency.

4. Conclusions

A novel ultra-low-power K-band current-reuse LC-VCO with excellent balanced-
amplitude was proposed, implemented using SMIC 55 nm 1 P7M CMOS low power
process. Thanks to the self-adaptive capacitive feedback network, the proposed current-
reuse LC-VCO achieves not only ultra-low power consumption but also a very wide
tuning range. The DC biasing technique was used to start up the VCO, thereby ensuring
that small dimension transistors can be used. When cross-couple pairs are turned on,
the feedback network is used to extract the output error voltage Vg (wt) and reduce the
threshold voltages, resulting in very low dynamic power consumption. At the same time,
the small-sized transistors reduce the influence of parasitic capacitors, a wider tuning range
can be gained. This ultra-low-power consumption VCO can be applied in various fields
such as low-power dissipation PLLs, and frequency triplers. Since the experimental results
are only post-layout simulation, a further tape-out test is needed to verify the reliability of
the circuit.
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