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A wide-band low phase noise LC-tuned VCO with constant Kvyco/®gs. for LTE PLL
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Abstract: A wideband LC-tuned voltage-controlled oscillator (LC-VCO) applied in LTE PLL frequency synthe-
sizers with constant Kyco/wesc 1s described. In order to minimize the loop bandwidth variations of PLL, a varactor
array is proposed, which consists of a series of differential variable capacitor pairs and a series of single-pole
double-throw (SPDT) switches to connect Vi, or Vpp. The switches are controlled by switching bits. With this
scheme, the ratio of Ky = 0C,,/0Vie and the capacitance value of the capacitor array maintains relatively con-
stant; furthermore, the loop bandwidth of the PLL fluctuation is suppressed. The 3.2—4.6-GHz VCO for multi-band
LTE PLL is fabricated in a 0.13-um RF-CMOS process. The VCO exhibits a maximum variation of Kvco/®osc
of only +4%. The VCO also exhibits a low phase-noise of —124 dBc/Hz at a 1-MHz offset frequency and a low
current consumption of 18.0 mA with a 1.2-V power supply.
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1. Introduction

The growing demand on high data rates in wireless com-
munication systems has arisen in order to support broadband
services. The long-term evolution (LTE) of UMTSs (Univer-
sal Mobile Telecommunications Systems) toward high-speed
mobile broadband while preserving voice services is an evo-
lution to existing 3rd-generation technologies in order to meet
customer needs over the next decades. For a cost-effective LTE
RFIC that supports broadband and multi-band applications, a
single voltage-controlled oscillator (VCO) generating a local
oscillator (LO) signal, which has a wide tuning range and a
low phase noise at a low power, is an essential component.

Owing to their superior phase noise performance, LC-
VCOs are employed in almost all phase locked loop (PLL) fre-
quency synthesizers. The PLL bandwidth is an important de-
sign parameter, because it affects most of the PLL parameters
including phase noise, settling time, etc. However, the PLL
bandwidth varies significantly with the operating frequency
due to the variation in the VCO gain, Kvyco, which fluctuates
widely in the oscillation frequency range of the VCOs. Thus,
a low tuning sensitivity along with a wide frequency range is
important when designing VCOs. There are several ways to
achieve a wide tuning range and a low tuning sensitivity at the
same timel! 6],

In this paper, a technique is proposed that can make tun-
ing sensitivity relatively low and maintain a wide frequency
range. The LC-VCO PLL dynamics is discussed. A new VCO
realization is reported.

2. Analysis of LC-VCO PLL dynamics

Figure 1 shows a simplified 3rd-order LC-VCO based
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charge-pump PLL.
According to Ref. [7], w_3qp/wrs can be written as

K-
Ry —2 (1)
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where Icp is the charge-pump (CP) current, R is the loop fil-
ter resistor, w_3qp, Wesc and wyr are the closed-loop bandwidth,
the operating frequency, and the reference frequency, respec-
tively. To compensate for the variation of Kyco/@osc, @ servo
loop!®! can be used to set the charge pump current /cp to be in-
versely proportional to the square of the oscillation frequency.
But this paper focuses on suppressing the Ky co variations with
frequency.

In a varactor tuned LC-VCO, the VCO gain Kvyco can be

written as
0Wosc _ 0wose 0Cyar

avtune B anar aI/tUHC '

where Ve and Cy, are the VCO control voltage and the effec-
tive capacitance of the controlled varactors, respectively. The
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Fig. 1. Simplified schematic of a third-order LC-VCO based charge-
pump PLL.

(© 2012 Chinese Institute of Electronics

025008-1



J. Semicond. 2012, 33(2)

Huang Jiwei et al.

DD

V,— [ ms

MHT'HW

Ve
V0+ 4@ DVA w’ ° VO_
[ _th;ne
Ctr<5:0>
0SC p | SCA tOSC n

S

Fig. 2. Simplified VCO circuit schematic with a discrete switched tun-
ing.

VCO operating frequency w,s is given by

1 1
Wose = = , 3)
V L (Cﬁx + Cvar) N LC
where L is the tank inductance, and Cgy is the tank capacitance
excluding the varactors capacitance Cy,,, and C = Cgx + Cyy.
From this relation, dwes./dC = —w,s./2C is obtained. Hence,
from Eq. (2), the VCO gain Kyco can be found to be

1 w,
Kvco = —3 ((j,sc Ky, “)
Kvco _ 1Ky (5)
Wosc 2C’

where Ky = 0Cyu/0Viune is the voltage sensitivity of the var-
actor which is related to the varactor’s linearity. Combining
Eq. (1) and Eq. (5) yields

T4t C

This equation illustrates that, in an LC-VCO PLL, the
bandwidth is a function of Ky. Equation (6) indicates that mak-
ing Kv/C constant would maintain a constant loop width over
the entire PLL tuning range.

Ier . K
~ PR,V (6)

‘ W_3dB
Wref

3. VCO circuit realization

The proposed schematic diagram of the differential tuned
wide-band VCO is depicted in Fig. 2. The cross-coupled
NMOS and PMOS transistor pairs M1-M4 in positive feed-
back generate a negative resistance which compensate for the
tank’s resistive loss. Transistor M5 provides bias current. The
LC tank consists of a 6-bit digitally controlled switched metal-
insulator-metal (MIM) capacitor array (SCA), a differential
varactor array (DVA), and a spiral inductor.
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Fig. 3. Circuit schematic of the differential SCA.

tune

V-

tune

Fig. 4. Differentially tuning varactor circuits.

3.1. Differential SCA and differential varactor

In order to achieve a wide tuning range for the VCO, both
discrete and continuous tuning is employed. This approach in-
creases the tuning range, while ensuring a low sensitivity to
noise on the tuning path. As for a discrete tuning configura-
tion, the differential switched capacitor array!®- 1%l depicted
in Fig. 3, is implemented for coarse tuning. The targeted fre-
quency range is spitted into 64 sub-bands by means of a 6-bit
binary-weighted array of switched MIM capacitors. The ca-
pacitors are switched in and out of the tank by digitally con-
trolled switches. In order to minimize the phase noise due to
the switched capacitor array, two minimal dimension inverters
are added to the source and drain, respectively, of the switch-
ing NMOS transistor to provide a dc reference point without
adding significant parasitic capacitance to those nodes. Each
switch contributes additional loss to the tank due to its finite
resistance. Thus, NMOS devices of minimum gate-length are
utilized and made as wide as can be tolerated with regards to the
resulting parasitic drain-to-bulk capacitance, which ultimately
limits the achievable tuning range.

Fine tuning capacitance is realized by an accumulation-
mode MOS (AMOS) varactor conﬁguration[“’ 12] " as shown
in Fig. 4.

The differential structure is employed to minimize low fre-
quency common-mode noise on either the control line or Vpp
that affects the capacitance of the varactors and is evident as
phase noise on the VCO output. For differentially tuned var-
actors, the capacitance between V1. and V,* can be written
as

C1+ =Co + kvl (I/tl_ltle + vncm) . (7)

+ .
ne and VT can be written

And the capacitance between V
as
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Fig. 5. The proposed varactor array.
C2+ = CO - kVZ (Vu;]e + vncm) , (8)

where Cy is the zero bias capacitance, k,; and k. is the var-
actor sensitivity, Vi is the varactor control voltage, and vpen
is the common mode noise voltage injected. The total capac-
itance between the middle node of this structure and V, is
Cor = C 1+ + C;t; if the varactor is perfectly symmetrical
(ky1 = —ky,) the expression for the capacitance is

Ciar = 2Co + 2kv Viune, (9)

where Vine = Vihe — Vione @nd the common mode noise on
controlled line and power supply is rejected. If |ky1| # |kyo|
the gain of the common mode noise is |ky; | —|ky2|. Even in this
case, common mode noise will be effectively reduced because

|kvi| — |kv2| is smaller than |ky;| and |k, |.

3.2. Suppression technique of the variation of the closed-
loop bandwidth

As above discussed, the closed-loop bandwidth of a PLL-
based frequency synthesizer is proportional to Ky/C. For a
wideband VCO design based on a switched capacitor array,
the lower the operating frequency, the more C varies and the
wider the closed-loop bandwidth will vary because the K,
(0Cyar/0Viune) of the conventional fine tuning structure varies
little. To suppress the variation of the closed-loop bandwidth,
the differential tuning MOS varactor array shown in Fig. 5
is proposed. It consists of MOS varactor pairs with differen-
tial connection ways and single pole double throw (SPDT)
switches connecting Viyne or Vpp. The switches are controlled
by controlled bits (Ctr<5:1>). When bit voltage is high, the
varactor is connected to Vi, and when bit voltage is low,
the varactor is connected to Vpp and sets the minimum ca-
pacitance. In other words, controlled bits not only connect the
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Fig. 6. Chip photo of proposed VCO.
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Fig. 7. Measured tuning characteristics of VCO.

switched capacitor array, but also connect a series of varactors,
excluding the lowest controlled bit (Ctrl<0>).

When the capacitance in a switched capacitor array varies
with controlled bits (Ctr<5:0>), C,,, must be changed corre-
spondingly.

Ctr<5:0> is adjusted —

e Ctr<5:]>t C T and Ky = 8Cvar/thuneT

when Ctr<5:1>
MO ) and Ky = 0Cuar/0Vane |

— Ky/C maintain constant (10)
where Cy, 1s an NMOS varactor. Therefore, careful selection
of the Cy, array makes Ky/C (C = Cgx + Cyy) remain
constant when C varies with controlled bits. As a result, the
closed-loop bandwidth of this frequency synthesizer based on
PLL, which adopts this VCO design, remains relatively con-
stant over the entire frequency synthesizer tuning range.

4. VCO measurement results

The VCO has been designed based on a TSMC 130-nm
RF CMOS process. Figure 6 shows a chip photograph of the
proposed VCO. The chip occupies an area of 500 x 600 um?.
The layout has been arranged as symmetrically as possible. All
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Fig. 8. Measured VCO Kvyco/ fo against operating frequency.
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Fig. 9. Measured phase noise of the VCO.

Table 1. Wide-band VCO comparison.

Reference  Frequency (GHz)  Power (mW) Kvco variation(MHz/V) Phase noise (dBc/Hz)  Technology

Ref. [1] 3.1-4.15 36.75 29 +£2.5% —-115 @ 400 kHz 0.13 um CMOS
-156 @ 20 MHz

Ref. [2] 3.21-4.02 44 +14% -165.1 @ 20 MHz 0.13 pm CMOS

Ref. [3] 4.2-5.03 6 +11 (8-10) -120 @ 1 MHz 0.18 um CMOS

This work 3.2-4.6 21.6 +14% (58-78)* -124 @ 1 MHz 0.13 um CMOS

* Kyco/wosc variation is £4%.

capacitors and transistors are placed nearby, so energy loss due
to connection wires is reduced.

The VCO chip was packaged, and the characteristics of
the proposed VCO are obtained by on-board measurements.
Figure 7 shows the measured f,s. dependence on differential
control voltage (Viune). A wide tuning range is achieved with
differential control voltage adjusted from —0.6 to 0.6 V. The
fabricated VCO exhibited 64 overlapping frequency sub bands
by setting the capacitance of the switched capacitor arrays. The
measured frequency range is 3.2-4.6 GHz and covers most of
the frequency ranges of the LTE transceiver. Figure 8 shows the
curve of the Kvyco/ fo of the VCO against operating frequency.
The measurement results and the simulation results of the VCO
with a switched VCA , and the simulation results of the VCO
without a switched VCA are shown in the figure, respectively.
From these curves, the great improvement of Kyco/ fo instabil-
ity is exhibited. The proposed VCO exhibits a maximum vari-
ation of Kyco/Wes. of only +4%.

Figure 9 shows the measured phase noise versus the offset
from the oscillation frequency. It exhibits a pretty low phase
noise at the operating frequency.

The single supply voltage is 1.2 V. The maximum tail cur-
rent is 18.0 mA. The performance of the proposed VCO is
listed in Table 1 with those of recently reported wide-band
VCOs.

5. Conclusions

The developed 3.2-4.6 GHz VCO demonstrated
Kyco/wese fluctuation of £4% with a wide tuning range
of 1400 MHz and low phase noise of —124 dBc/Hz at al-MHz
offset frequency. Since the proposed VCO can suppress

the loop bandwidth fluctuation while maintaining a wide
tuning range and low phase noise, and without additional
bias current, it is well suited for multi-band and multi-mode
wireless communication systems such as LTE or WiMAX.
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