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Abstract: This article presents a novel self-biased phase-locked loop (PLL) scheme for wireless local
area network (WLAN) applications. A novel self-biased circuit that contains a current mirror circuit
and a variable resistor circuit related to the frequency division ratio are proposed. The proposed
self-biased PLL scheme achieves a fixed damping factor. Moreover, the self-biased technology
allows the PLL loop bandwidth to track the input reference frequency and division ratio. The
proposed start-up circuit speeds up the locking of the PLL. In addition, the proposed differential-to-
single-ended (DTS) converter can guarantee a 50% duty cycle without operating the PLL at twice
the chip operating frequency. The proposed self-biased PLL is implemented in a Semiconductor
Manufacturing International Corporation (SMIC) 55 nm CMOS process. The measured root-mean-
square jitter (RMS-jitter) integrated of PLL is 2.4 ps with a dissipation of 8.6 mW, and the resulting
figure-of-merit is —223.05 dBc/Hz.

Keywords: WLAN; self-biased PLL; start-up circuit; DTS converter

1. Introduction

In recent years, the rapid development of WLANSs has played an increasingly impor-
tant role in communication systems. The PLL is one of the most critical building blocks in
wireless transceivers [1-4]. The constantly updated WLAN technology introduces higher
requirements on frequency synthesizers. A PLL that multiplies low-frequency reference
clocks to generate high-frequency clocks is usually designed with a ring voltage-controlled
oscillator (ring-VCO) or an LC VCO. However, an LC VCO shows high sensitivity to
magnetic coupling and occupies a large silicon area. Hence, the ring-VCO-based PLL is
preferable in many applications. Its main advantages are a very small die area, which
reduces the integrated circuit (IC) cost and helps minimize the substrate noise and spur
coupling, and a wide tuning range.

PLL is a closed-loop feedback system [5-7]. The loop bandwidth and damping factor of
the PLL will affect the PLL loop characteristics, such as the stability and locking time [8-10].
Usually, the PLL output frequency is variable, and there is an output range, especially for
wideband PLL. We usually adjust the PLL output frequency by changing the reference
frequency and the division ratio of the divider. However, the loop bandwidth of the
traditional PLL cannot track the reference input frequency and the loop frequency division
ratio, resulting in a narrow operating frequency range. Moreover, the loop bandwidth is set
to be small for stability, resulting in a long locking time and poor jitter performance. The
loop damping factor is affected by the frequency division ratio and the process, voltage,
temperature (PVT). It is not a fixed value, which leads to the deterioration of the stability
of the PLL. The problems mentioned above pose a higher challenge for the design of
high-performance PLLs.
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The PLL based on self-biased techniques is attractive for solving these problems [11-15].
The self-biased PLL has the following advantages:

e Itis completely self-biased and does not require additional voltage and current bias
circuits, so it has a smaller area.

e  The loop bandwidth follows the input reference frequency. The loop bandwidth can
be set to be relatively large, so that the lock time of the PLL is relatively short, and the
anti-jitter ability is relatively strong.

e  The self-biased phase-locked loop has a fixed damping factor, and the stability of the
loop is not affected by the input reference frequency, frequency division ratio, etc., so
the stability of the self-biased phase-locked loop is very good.

e  The damping factor and the ratio of loop bandwidth to input reference frequency are
completely determined by the ratio of capacitance and have nothing to do with the
PVT and other factors.

e  The self-biased PLL can automatically adjust the operating point of the bias circuit to
the optimum according to the working environment (the oscillation frequency of the
VCO), thereby achieving self-adaptation.

o  The self-biased PLL can adapt to different input reference frequencies and frequency
division ratios, and can adapt well to different application requirements.

However, many self-biased PLLs [11-13] whose loop bandwidth cannot track the
division ratio have removed the division ratio effect, and the bandwidth is unchanged
when the reference clock is stable. The low-pass filter (LPF) is a key module in PLL. It
converts the charge/discharge current of the charge-pump (CP) into VCO tuning voltage,
filters the ripple on VCO tuning voltage, reduces the fluctuation of VCO tuning voltage,
and improves the jitter performance of PLL. Although PLLs use self-biased technology in
reference [11,12], all those mentioned above use first-order LPF. The first-order LPF cannot
effectively filter the ripple of VCO tuning voltage and also makes PLL unable to achieve
low phase noise and jitter performance. Therefore, second-order or third-order LPF is
required to obtain low jitter PLL. The bias generation circuits in [13] occupy a large area.
Although a self-biased PLL without any bias circuit [14] was proposed, the operational
amplifier (OPA) in the voltage-to-current (VI) converter consumes considerable power,
especially when the loop bandwidth is large. Moreover, because the charge/discharge
current of the self-biased PLL is a monotonically increasing function of the VCO frequency,
it is extremely low when the VCO begins oscillating after a power-up. Therefore, the
classical self-biased PLL always exhibits a very long power-up latency to approach locking
at a required frequency. To speed up the locking process of the PLL, an initialization circuit
is added to the PLL [15]. The function of this initialization circuit is to set the current of
the charge-pump to the maximum value and discharge the tuning voltage of the VCO
close to the ground level when the PLL is powered on. At this time, the VCO oscillates at
the highest frequency. If the target frequency is high, the locking time of the PLL will be
reduced. However, if the target frequency is low, the locking time will still be very long.

Based on the problem mentioned above, this paper presents a novel self-biased PLL
scheme. The main contributions of this paper are listed below:

e  The novel self-biased scheme is very simple to implement and has the characteristics
of small area and low power consumption.

e  Regardless of whether the target frequency is high or low, the proposed start-up circuit
is very effective and can accelerate the locking of the PLL.

e A differential-to-single-ended (DTS) converter is presented to reduce the operating
frequency and obtain a single-ended output with a 50% duty cycle.

In this paper, a novel self-biased circuit that contains a current mirror circuit and a
variable resistor circuit related to the frequency division ratio is proposed. The variable
resistor is used in the LPF. The second-order LPF is used in the proposed PLL, which
is a third-order PLL, to obtain better phase noise and jitter performance. Moreover, the
bias current of the charge-pump and VCO is provided by the self-biased circuit, which
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limits power consumption and area. With the self-biased circuit, both the current of the
VCO delay cells and the charge/discharge (Icp) current of the charge-pump change with
the VCO tuning voltage of (Vcrrr) by quadratic functions. Therefore, a start-up circuit is
needed to speed up the PLL locking. The proposed start-up circuit can increase the VCO
tuning voltage to 600 mV in a very short time. Moreover, when the VCO tuning voltage is
pulled to 600 mV, the start-up circuit is automatically closed without affecting the normal
operation and locking of the PLL. In addition, a DTS converter is presented to reduce the
operating frequency and obtain a single-ended output with a 50% duty cycle.

2. The Traditional PLL

A traditional PLL is shown in Figure 1. It consists of a phase/frequency detector
(PFD), a charge-pump, an LPF, a VCO, and a divide-by-N frequency divider. When PLL is
locked, there is no phase error between the reference clock and the divider output clock for
the charge-pump PLL.

D((s) Do(s)

Jret —| PFD

—
—| "

CP > E‘L

vVCO
LPF

Divider |«

Figure 1. Traditional PLL block diagram.
The closed-loop response of the traditional PLL can be easily obtained as Equation (1).

Po(s) _ Nx(1+s-Ci-Ry)
®i(s) 1+45-Ci-Ry+s2-N-Cy-21/(Kyco - Icp)

M

where @(s) is the input phase, @ (s) is the output phase, Ry is the loop filter resistor, C; is
the loop filter capacitance, Icp is the charge pump current, N is the divider division ratio,
and Kyco is the VCO gain.
We prefer, from control theory, to express the denominator in the form s? + 2{w;s + wy,?.
Thus,
Po(s) 1+2-7-(s/wn)

o(s) 1427 (s/wn) + (s/wn)? ¥

The expressions of the damping factor { and the loop bandwidth w;, are as follows:

Ry JIcp-Kyco-Cy
6= 2 21N ©)

_2¢
R

The loop bandwidth and damping factor describe the closed-loop response charac-
teristics of PLL and are important system parameters to be considered when designing
PLL. The damping factor ¢ has an important influence on the dynamic performance of

Wn

4)
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the PLL. For a critically-damped response, {=+/2/2, we typically choose { in the range of
Vv2/2 and 1. The loop bandwidth w, must be a decade below the reference frequency for
stability. In addition, w, should be positioned as close as possible to w,,s to minimize the
total phase error. For a typical PLL, the charge-pump current Icp, VCO gain Kyco, loop
filter capacitance Cy, and loop filter resistance R; are changed because of variations in the
PVT. Moreover, the division ratio N varies with the PLL output frequency. Therefore, { and
wy, are changed because of the variation in these parameters. Thus, the loop characteristics
of PLL are changeable.

3. The Proposed Self-Biased PLL

In a typical PLL, w, and { vary with division ratio N and PVT. In this paper, we
propose a novel self-biased PLL scheme to solve the above problems. The proposed self-
biased PLL shown in Figure 2 is a part of the Wi-Fi chip we designed, and this Wi-Fi chip
supports the 802.11ac protocol. The self-biased circuit provides bias voltage and current
for the charge-pump, VCO, and LPFE. The resistor in LPF is a variable resistor. The VCO is
followed by the DTS converter. The start-up circuit is designed to speed up PLL locking by
giving the VCO tuning voltage (V) an initial value when the PLL starts to work. The PLL
has four outputs, among which Fy ¢ is directly generated by VCO. The VCO is followed
by three dividers, which generate Fp;, Foy, and Fp3. The operating frequency of the VCO
in the proposed PLL is 960 MHz. The oscillating signal of the VCO passes through two
frequency dividers with a frequency division ratio of 6 to generate two clock signals with
a frequency of 160 MHz for the analog-to-digital converter (ADC) and baseband, and a
frequency divider with a frequency division ratio of 80 to produce a clock signal with a
frequency of 12 MHz for the universal serial bus (USB).

Ivias P | Self-biased |ibias_yco
circuit

Y

Jrer —|PFD [ CP J— . > /\/ DTS > Frco
LR; Teor —L— c
c I VCO
1
Start-up > I _ LPF N DIV] _>F01
| DIV2|— Fo;
Programmable
%ﬁvider < "[PIV3[— Fos
L»] Lock SPI
» detector Division Ratio
(integer)
Lock Tnput
signal

Figure 2. The proposed self-biased PLL.

3.1. The Self-Biased Circuit

The proposed self-biased circuit is shown in Figure 3. N[0], N[1], N[2], N[3], N[4], N[5],
N[6], and N[7] are the corresponding bits of the 8-bit programmable frequency divider.
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Figure 3. The proposed self-biased circuit: (a) The current of the circuit is related to the tuning

voltage of the VCO; (b) The current of the circuit is related to the upper four bits of the control word

of the frequency divider; (c) The current of the circuit is related to the lower four bits of the control

word of the frequency divider.
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The current I; is related to Iy by
I = (Nr x3+1) xIp @)
where Nt is the OR logic of the 5th, 6th, and 7th bits of the divider. That is, Nt is given by
Nr = N[5] + N[6] + N[7] (6)

Nrg is the inverse of the Nr.
The current I¢p is related to Iy by

Ip=4XIcp @)
The current I, is related to I; by
2 X Il
L = 8
2 N 8

where N is the division ratio of the divider.
The current I3 is related to I, by

I=(N[7]x1+1)x I, 9)
The current I5 is related to I; by

2><11

I3=(N[7] x1+1) x N (10)
The current I3 is related to Iy by
I3=2X(NTX3+1).(N[7]X1+1)~Io:Y~Io (11)
N
where Y is given by
Y:2><(NT><3+1)-(N[7]><1+1) (12)

N

3.2. The LPF with a Variable Resistor

The proposed variable resistor is shown in Figure 4. The variable resistor is composed
of three branches. N7B is the inverse of the N[7]. The transistor size ratio of each branch is
1:6:2. Bp, Bp = up-Cox-W/L, represents the transistor parameters of the smallest size branch,
and X represents the relationship between the total size of the transistor of the variable
resistor and the smallest size branch.

B e g e ]

Figure 4. The LPF with a variable resistor.
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X is then given by

8
S CTEEEE NGRSy v

The product of X and Y is given by

8 2x (Npx3+1) - (N[7]x1+1) _ 16

XY = N3 x (NI + 1) N N

(14)

Then, the resistance of the variable resistor is given by

Ry = = . N (15)
Stotalm 2-Bp-X-I3 8 2-Bp-Icp

3.3. The Proposed Ring-VCO

The requirements of ADC, baseband, and USB for clock jitter performance are not
very high. For example, the ADC that we designed requires that the clock jitter is less than
5 Ps. Therefore, considering the phase noise, jitter performance, complexity, area, power
consumption, and other factors, we chose the ring oscillator. A ring-VCO consists of many
gain stages in a loop. The total number of inversions in the loop must be odd so that the
circuit does not latch up. In contrast, the differential implementation can utilize an even
number of stages by simply configuring one stage such that it does not invert [16,17]. This
flexibility demonstrates another advantage of differential circuits over their single-ended
counterparts. The number of stages in a ring-VCO is determined by various requirements,
including speed, power dissipation, and noise immunity. In most applications, three to
five stages provide optimum performance (for differential implementations).

The top architecture of the proposed ring-VCO with three-stage delay cells is illus-
trated in Figure 5a. Since each delay cell contributes noise, the three-stage structure can
achieve lower phase noise as compared to four- or more-stage designs. The ring-VCO
delay cells are the differential buffer delay stages with symmetric loads. Figure 5b presents
the buffer stage which includes a source coupled pair with resistive load elements, called
symmetric loads [9]. Because the effective resistance of the load elements changes with
VN, the buffer delay also changes with Vpy. In addition, the cross-coupled transistors
M1 and M2 in Figure 5b increase the charge and discharge current of the delay cell, which
improves the flip speed of the output level.

The three-stage VCO oscillation frequency is:

1 Ik
frco=533="¢; (16)

where Cr is the total VCO capacitance, k = y1;,-Cox-W/L, and Ip is the drain current for
one of the diode-connected NMOS devices biased at VBN. Thus, the VCO gain Ky is as

follows:
dfvco

K -

Then, the damping factor { is given by

k
cr (17)

{ = Ry . /Icp-Kyco-Ci
2 2N
— 1.1/ N  [lcpKyco-G
-2 8 Z-ﬁp-lcp 2N (18)
1./ k /G
- 32 7'L'~‘Bp CT
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(b)
Figure 5. Three-stage ring-VCO: (a) top-level; (b) the delay cell.

The loop bandwidth w;, to operating frequency ratio is:

Wn — 2. . N
Wref Ri-Ci 27mfvco

— JIepKycoGi 1 NCr (19)
27N C1 2n2k1Ip

VN Cr

- 871\/27r ' (e

Equations (18) and (19) show that the damping ¢ and the loop bandwidth w;, to operat-
ing frequency ratio are constant, and are determined by the capacitance ratio. Equation (19)
shows that, with a given N, the bandwidth is proportional to the input reference clock.
When N is increased, the bandwidth increases to suppress more VCO noise to achieve
better jitter performance. This means that the PLL will be more robust and stable.

3.4. Start-Up Circuit

Self-biased topology avoids the necessity of external biasing. However, the nonlinear
capture behavior of a self-biased PLL results in very long power-up latency, which is
unacceptable for most applications. With the bias generator, both the VCO delay cells
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currents and the charge-pump discharge/charge (Icp) currents change with Vcrrp by
quadratic functions [18,19]. Therefore, a start-up circuit is needed to speed up PLL locking.

The proposed start-up circuit is shown in Figure 6. When the PLL is powered on, SWB
and PR are low. TE is also low. Transistor M3 mirrors the current to transistor M4, and
transistor M2 mirrors the current to transistor M5. SWB turns on transistor M6, charging
Vi to 600 mV. When the voltage of V¢ is 600 mV, the transistor M10 is turned on, then
the SWB becomes high, and transistor M6 is turned off. At this time, the start-up circuit is
closed and the PLL starts to work normally. The SWB and V; levels with time are shown
in Figure 7. Figure 7 shows that the V7 level is pulled up to 600 mV at approximately
4.3 ps, and the SWB level changes from low to high. The SWB level changes from low to
high, which turns off transistor M6, and the start-up circuit no longer works. The PLL
lock signal is presented in Figure 8. Figure 8 shows that the lock signal becomes high at
approximately 27 us, which indicates that the proposed PLL has been locked. The lock
time fully meets the usage requirements.

Vi DD

4 Ellﬂf I
b m‘—kﬁtw MCI_IIM v

o - |j|_ lj__::

Figure 6. The start-up circuit.
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Figure 7. The SWB and V- levels with time.

3.5. Differential-to-Single-Ended Converter

Generally, the PLL output should be 50% duty cycle [20,21]. We usually use a divider
which is divided by 2 to get a 50% duty cycle. Figure 9 shows the proposed DTS converter
scheme. The circuit can generate the needed output clock with a 50% duty cycle. It is made
up of two PMOS differential amplifiers driving two CMOS inverters and connected by
the cross-coupled transistors M1 and M2 that increase the flip speed of the output level.
The two PMOS differential amplifiers use the same current source bias voltage, Vpp, as
the VCO delay cells. The role of the two PMOS differential amplifiers is to provide signal
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amplification. The CMOS inverters provide additional signal amplification and conversion
to a single-ended output whose range extends from rail to rail. However, if we use a
divider to generate a 50% duty cycle output, the VCOs are designed to operate at twice the
chip operating frequency. When the output signal frequency is high with a 50% duty cycle,
the designed VCO works at a higher frequency. Therefore, to generate a 50% duty cycle
output, this circuit’s design constraints can be relaxed [9].

12 .
Lock 51gnal|
10 F
~ 08}
=
o
5 06}
A
04 -
02}
0.0 ; 7 ; ; 7 1 . !
0 10 20 30 40
Time {Ms)
Figure 8. The lock signal with time.
VDD

%mﬂr;é”mwwﬁg%
7

B e Ly o

Figure 9. Scheme of the differential-to-single-ended converter.

Figure 10 illustrates the waveform of the input and output clock of the DTS converter.
Figure 10a shows the output clock of the ring-VCO, which is the input clock of the DTS
converter. As shown in Figure 10a, because of the voltage limitation, the ring-VCO am-
plitude is not so large that it may not be used directly in digital circuits. Moreover, when
the working frequency of the ring-VCO is low, the ring-VCO amplitude will be close to
the threshold voltage. The output clock of the DTS converter is shown in Figure 10b, and
its output range extends from rail to rail. In addition, the duty cycle of the output clock is
50%. In this case, the output clock can be directly used in digital circuits.
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Figure 10. The waveforms of the input and output clocks of the DTS converter: (a) input clock; (b)
output clock.

4. Measurement Results

A micrograph of the proposed PLL fabricated using the SMIC 55 nm CMOS process
is shown in Figure 11, and the chip occupies 253 um x 349 um, excluding the I/O pads.
The PLL utilizes a reference clock of 40 MHz, which is a crystal oscillator that occupies
290 um x 136 pum and is integrated into the PLL chip. The proposed crystal oscillator
scheme is shown in Figure 12. It is a parallel crystal oscillator based on the Colpitts
structure. The crystal oscillator in the chip photo, which includes resistors, capacitor
arrays, inverters, and buffers, is the rest of the circuit except the crystal (the dashed box in
Figure 12). The crystal is soldered on the printed circuit board (PCB) and directly connected
to the chip. The chip measurement setup is shown in Figure 13. The output level of the
lock detector is shown in Figure 14. Figure 14a shows the output level of the lock detector
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when the PLL is not locked. Figure 14b shows the output level of the lock detector when
the PLL is locked. As shown in Figure 14b, the proposed PLL can be locked normally.
When the output frequency of VCO is 960 MHz, the output clock frequency of the VCO
signal passing through the three-way frequency divider is 160 MHz, 160 MHz, and 12 MHz.
Figure 15 shows the waveform and spectrum of 160 MHz output.

H

Crystal
oscillator

Figure 11. Chip micrograph of the proposed PLL.

[
2

760k Ohm

10.8 Ohm

YYYYY

-
|

1|H Aewe -de
1|H fewe -de

Figure 12. The proposed crystal oscillator scheme.

A Rohde & Schwarz FSW50 signal and spectrum analyzer was used to test the phase
noise of the PLL. Figure 16 shows the phase noise of the proposed PLL at a carrier frequency
of 960 MHz. The phase noise of the designed PLL is —104.8 dBc/Hz at a 1 MHz frequency
offset. The RMS jitter integrated from 10 kHz to 10 MHz is 2.4 ps. There is a spike shown
in Figure 16 at a frequency offset of 40 MHz. The spike, called the reference spur in the
spectrum, comes from a reference clock with a frequency of 40 MHz generated by the
crystal oscillator. The reference spur is caused by the mismatch of the charge and discharge
currents of the charge-pump, which will generate periodic ripples on the tuning voltage
of the VCO. A summary of the measured results and performance comparison is given in
Table 1. Table 1 shows that the figure-of-merit (FoM) is also better than most of the works

listed in Table 1.
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Figure 13. Measurement setup.

YSIGHT
KEYRIHT DSO-X 40234, MYB9101429, 07.20.2017102615: Thu KEVSIGHT DS0-) 40248, MY59101429, 07.20.2017L00615: Thu

(a) (b)
Figure 14. The output level of the lock detector. (a) The PLL is not locked; (b) the PLL is locked.

KEYSIL(OE;(!\‘E-EI— DSO0-3 40244, MY59101429 017102615: Fri
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(b)

Figure 15. The output waveform and spectrum of 160 MHz. (a) The waveform; (b) the spectrum.
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MultiView XSpectrum @] Phase Noise @1
Nominal Frequency 960.105089327 MHz | Measured Level Measured Freq
Ref Level & Att -0.40 dBm, Att O dB Initial Delta -0.62 dB Initial Delta 243.82 mHz / 0 ppm
Measurement 100 Hz to 100 MHz Drift 0.04 dB Drift -173.11 mHz /0 ppm
1 Phase Noise TView Cin Smth 1% =2 View
| 1 kHz 10 kHz 100 kHz 1 MHz 10 M‘Ml[l] ,10431 dBC/HZ
1.0000Q MHz
o ; W " :
-110 dB; 1 ‘IATW i %
\rww (B Wﬁw
"y
-130 dB, V‘
R I
Frequency Offset
Figure 16. Measured phase noise of the proposed PLL.
Table 1. Performance summary and comparison.
Tech. Osci. Freq. Range Freq. Phase Noise RMS jitter Power FoM *
(nm) Topo. (GHz) (GHz) (dBc/Hz) (ps) (mW) (dBc/Hz)
This work 55 Ring-VCO 0.51-1.45 0.96 -104.8 @ 1 MHz 24 8.6 —223.05
5 180 Ring-VCO 0.06-1.92 0.48 -112 @1 MHz 2.61 174 -219.25
11 65 Ring-VCO 1.25-6.25 6.25 -110 @1 MHz 0.78 31 —237.2
14 65 Ring-VCO 1.25-3.125 3.125 - 1.65 28.8 —221.1
16 180 Ring-VCO 0.5-2.5 1 - 3.11 25 -218.6
17 130 Ring-VCO 2.35-2.55 24 -96.01 @1 MHz - 10.7 -

*FoM = 20 log(Jrums /1 s) + 10 log(Ppc /1 mW)

5. Conclusions

This paper demonstrated a novel self-biased PLL scheme. The proposed self-biased
PLL scheme achieves a fixed damping factor and allows the PLL loop bandwidth to track
the input reference frequency and division ratio. The proposed start-up circuit can raise
the VCO tuning voltage to 600 mV in a very short time. Moreover, when the VCO tuning
voltage is pulled to 600 mV, the start-up circuit is automatically closed. The DTS converter
is presented to reduce the operating frequency and obtain a single-ended output with a
50% duty cycle. The RMS jitter integrated from 10 kHz to 10 MHz is 2.4 ps at a carrier
frequency of 960 MHz.
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