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Abstract—Phase locked loops (PLLs) are integral parts of communication devices used in various applications such as
frequency synthesizer, clock recovery circuits, synchronization for digital communications, carrier phase, frequency tracking,
etc. Charge Pump PLL (CP-PLL) is a type of PLL widely used for today’s SoC environment. The non-ideal effects such as jitter,
phase noise, reference spur, phase error, etc. influence the CP-PLL performance which significantly affects the performance of
the overall system.

Charge Pump is a small but one of the important components of CP-PLL that significantly affects its performance. The Charge
Pump circuit generates non-ideal effects such as leakage current, timing mismatch and current mismatch which causes phase
error, reference spurs, jitter, etc. at the CP-PLL output.

In this work, the Charge Pump circuit is designed in Matlab Simulink environment to reduce the current mismatch. Simulated
results show that current mismatch for the Charge Pump circuit using Modified Wilson current mirror and transmission gate is
1.94% and phase error is also reduced. This set up can be easily utilized to design various Charge Pump to achieve minimum
current mismatch for SoC applications.
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INTRODUCTION

Charge Pump PLL (CP-PLL) is a type of hybrid PLL. CP-PLLs form an integral part of communication systems such as frequency
synthesizer, clock recovery circuits, synchronization for digital communications, carrier phase and frequency tracking, etc. CP-PLLs
are used for synchronizing the output signal with the input signal in both frequency and phase. The block diagram of CP-PLL is as
shown in figure 1. The major building blocks of a CP-PLL are Phase/Frequency Detector (PFD), Charge Pump (CP), Loop Filter (LF)
and Voltage-Controlled Oscillator (VCO) [1].
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Figure 1: Block diagram of CP-PLL

The Charge Pump (CP) circuit is a small part of CP-PLL which converts the digital error pulses into analog current pulses. The CP
circuit plays an important role in determining the CP-PLL performance. The CP circuit consists of two switched current sources Ij;p
(charging current source) and Iy (discharging current source), that pump charge into or out of the LF as shown in figure 2. The
capacitor C,, acts as a LF. The inputs to the CP circuit are the Up or Dn signals obtained from the PFD and the output current is
coupled to the capacitor C,,. The current sources and switches in CP are usually implemented using MOS ftransistors. Ideally, the
charge pump currents Ij;p and I,y need to be equal in magnitude but the inherent mismatches between the MOS transistors result in
mismatching between the current sources. The mismatch between charging and discharging current is known as current mismatch and
it degrades the performance of CP [2].
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Figure 2: Basic Charge Pump

This mismatch gives rise to phase error and reference spurs in CP-PLL.

The paper is organized as follows. In section 2, phase detector non-idealities are discussed. In section 3, mixed signal CAD tools used
for design of phase detector circuit are discussed. In section 4, design of phase detector circuit in Matlab /Simulink /Simscape
/Simelectronics environment is presented. In section 5, simulation results are reported and the phase error and reference spurs for the
different CP circuits are investigated.

PHASE DETECTOR NON-IDEALITIES

Phase detector circuit exhibits non-ideal behaviour which contributes to phase error and reference spur in CP-PLL [3], [4].
The different non-idealities that occur in phase detector circuit are as given below:

1. Leakage Current
One of the issues in the CP is the leakage current which might be caused by the CP itself, by the on-chip varactor, or by any leakage in

the board. This gives rise to change in the output voltage and causes phase error which is given by [3]:

AQleakage = 2m % (T oo e e e e )

Where,

Ileakage - Leakage current occurring in MOS transistors

Icp — CP current

The leakage current is in the order of uA4; therefore, the phase error due to leakage current can be ignored.

2. Charge Sharing
The capacitors at nodes ‘a’ and ‘b’ consist of the parasitic source/drain capacitances of MOS transistor. As shown in figure 3, when the

switching transistors are open, the charges on the nodes ‘a’ and ‘b’ move towards VDD and GND respectively. When the switches
close instantaneously, some of the charge stored on these parasitic capacitors will be transferred to the LF, and cause voltage spikes on
the VCO control line. The charge sharing cannot be completely eliminated but it can be reduced by proper design of switches.
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Figure 3: Charge Sharing in CP

3. Clock Feedthrough
When the Up and Dn signals of the MOS switch change their logic levels, due to the overlap of the MOS transistors, some charges are

coupled to the LF which causes spikes on the control voltage which leads to reference spurs at the output.
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4. Charge Injection
Charge injection is a phenomenon that arises due to leakage of charge into a capacitive node during the turn on and turn off of a switch
that is connected to that node. Charge injection and clock feedthrough is directly proportional to gate capacitance.

5. Dead Zone
Dead zone problem occurs when the rising edges of the two clocks to be compared are very close. To mitigate the dead zone issue, the

reset signal inside the tri-state PFD as shown in figure 4 needs to be designed carefully as given in equation (2).

Figure 4: D Flip-Flop based PFD
The reset delay represents the minimum pulse width of the PFD output that is needed to turn on the CP completely.

1
Where,
Tyeset — Reset Delay in PFD
Fax — Maximum operating frequency of PFD

(2

Dead zone contributes to timing mismatch which in turn contributes to phase error and CP non-idealities. Thus, designing a PFD with
no dead zone is important for accurate frequency generation, low phase noise in frequency synthesizer PLLs, and low timing jitter in
clock generator PLLs.

6. Missing Edge Phenomenon
The PFD suffers from another problem known as missing edge phenomenon. The PFD should provide the clock pulses correctly in the

arriving order of the two signals, but it may sometimes miss edges which is known as missing edge phenomenon [5, 6]. This missing
edge problem occurs when a rising edge of F..¢ or F,, signal arrives during the reset delay (Ty¢se¢) as shown in figure 5.
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Figure 5: Missing Edge Phenomenon

Some of the rising edges can be missed in the detection when the edges are overlapped with the reset signal internally generated in the
PFD, which is called the missing edge problem. Missing edges induce wrong polarity in the PFD output, leading to incorrect
behaviour and making the CP-PLL spend more time to acquire phase or frequency. As circuit speed increases, the possibility of
missing edges increases.

7. Timing Mismatch
Timing mismatch is inherent with the CP circuit. As the input to the CP is the PFD outputs (Up and Dn ) signals; there exists a delay

in the PFD outputs reaching the CP. This delay introduces a certain amount of phase error given by [3]:

A@timing = 2m m’j‘% .................................................................................................................. 3)
Where

ATdelay - Timing Mismatch in PFD,

Tref - Reference cycle time,
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Ton - Turn-on time of the PFD.

In all the previous works, ATdelay does not consider the switch non-idealities. Therefore, in this work to estimate the non-idealities,
the timing mismatch is segregated as given below.

Timing mismatch consists of a) propagation delay between the logical output of PFD and the CP switches, b) Propagation delay for
the CP switches to change the state, ¢) Dead Zone of PFD.

Therefore,

ATAELAY = T1 A T2 4 T3 et oo et et et et et et et e e et ses ee et eas et es 2t tee 2es 2ae et 2o £re es 2a tee 2o se et se tre sen sae ben ses ene nen aee ten sen ene s (D)

Where,

T1 - Propagation delay due to connection between PFD and CP switch

T2 - Propagation delay for the switch to change state

T3 - Dead Zone of the PFD

Substituting the values of ATdelay in equation (3), we get,

(T1+T2+4+T3) Ton
Tref?

AQtiming = 2m € 1 Y (<)

7. Current Mismatch
Current mismatch consists of Mismatch between the drain currents of the current sources. The current sources present in CP are

designed using MOS transistors. Due to the inherent mismatches present in transistors such as 2nd order effects and random device
mismatches, CP suffers from current mismatches [7]. Current mismatching refers to the magnitude difference of charging and
discharging currents. Phase error due to charge pump current mismatch is given by [3]:

Agmismatch = 2w — . L%
mismatcn = T[ICp Tref

(7 T2 ) T N o OOV € o)

Where,
Icp - Rating current of CPs,
Tref - Reference cycle time,
Ton - Turn-on time of the PFD
Ai - Mismatching of charging and discharging currents
The total phase error A@tot caused by these non-idealities can be approximated as:
AQtot = 2m (AQleakage + APMismatch + ADLIMINLG) ... ovves ceeves er et et et e vt e et e e et eae en ee e eee e ten et en eve se eene s en (1)
Also, the reference spurs can be given by [4],

N Fy,, A@tot F
— o _20log (r—ef)

\/EFref Fpl

P. = 20log ..(8)

Where,

P, — Reference Spur

N - Division ratio of the divider

F,,,- Loop Bandwidth

A@tot — Total Phase Error

Fr¢f — Reference Frequency

F,, - Frequency of the pole in the LF

MIXED SIGNAL CAD TOOL

CP-PLL is a mixed signal block involving the co-design of analog and digital circuits. There are different tools available to design the
CP-PLL as shown in table 1 with its advantages and limitations. Referring to table 1, Matlab is a tool which can provide analog and
digital design on a common platform [10].

As compared to other tools, Matlab is better for computation than LabVIEW. Simulations execute faster in Matlab (nearly 3 times) as
compared to LabVIEW. The maximum error in the delay, computed using Matlab, is less than 8% compared to HSPICE simulation
results [8].
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Table 1: Mixed Signal Design Tools

National
Mentor Cadence | Instruments Scilab
S. | Descripti | Matlab [8], [9 Graphi S
o Onesmp ! a a[ 15)]]’ 1, : lg?p[ I‘ﬁ [fy(;‘]qﬁz; [10], | —LabVIEW | [91[101,[18], | Oscad [20]
[iZ] ’ ’ [14],[15] | [10],[16], [19]
[17]
Year of
1. | Introducti 1970 1981 1986 1988 1990 2009 2013
on
N ical
umerica CAD tool
computational p for circuit
Multi- Graphical ackage and .
radigm numer | Complete Complet | Complet Programmin | a high-level design,
2. | Function Pa & . e CAD e CAD . ’ simulation
ical computing CAD Flow g numerically .
. Flow Flow . . , analysis
environment Environment | oriented
. and PCB
rogrammin, .
Prog 8 design.
language
Availabili . . . . . 0O
3. varabli Licensed Licensed Licensed | Licensed Licensed Open Source penl
ty Source
AMS Co-
. N Yes Yes . . .
4. | Design Yes (Simulink) Yes (Eldo) . . Simulation Yes (Scicos) Yes
(HSpice) | (Pspice) .
supported with Matlab
. Supports . In-Built PMOS
MOS Spice model | b evel 1- . Spice and NMOS Models
level 1 and 3. Spice models can . . can be
Models 47, 53- Levels 1 . transistors with .
5. Other models Levels 1 | be imported imported
Supporte . 70,101 to 71 . default
can be imported to 7 from Pspice, ) from
d . Mosfet parameters is .
from Pspice. Matlab Ngspice
models. present.
Complex as Complex as
Program
6. min Easy compared to Easy - compared to Easy -
& Matlab Matlab
Widely used by
ientist: d
Industry | o oo Al Limited to the | Still in
researchers and
7. | Acceptan has eood Moderate Moderate | Moderate Moderate developer developme
ce i duitry community nt stage
acceptance
Scilab,
Cadence-Pspice,
Co- NI-Multisim.
’ Matl i
8. | Simulatio | Mentor Matlab Matlab Matlab at a.lb’ Matlab Ngsplce,
. Pspice Scilab
n Grpahics-
ModelSim, NI-
LabVIEW

Also, Matlab includes a rich set of plotting capabilities, Matlab help is user friendly and highly descriptive; Matlab GUI is better than
other tools. Matlab has a large collection of toolboxes in a variety of domains such as signal processing, communications, image and
video processing, control systems, test and measurement, computational finance, etc. One of the key features of this tool is the
integration ability with other languages and third-party applications. Therefore, Matlab has become the preferred language of
computing for the researchers [10].
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Considering the advantages of Matlab environment, the CP and PFD circuit is designed in Matlab Simulink Simelectronics
environment.

PHASE DETECTOR DESIGN

The set up for phase detector circuit used in CP-PLL circuit is designed in Matlab Simulink Simelectronics, Spice compatible
environment by using 0.18 um level 3 CMOS model with 3.3V supply as shown in figure 6. The output of the CP is captured on scope
as shown in figure 7. The designed CP system is combination of two main sub system PFD and a single ended CP. The subsystem
gives the flexibility to reduce the complexity and size of the circuit [21]. The design of sub system PFD is shown in figure 8. The PFD
subsystem consists of two edge-triggered, resettable D Flip-Flops (DFF) with their D inputs connected to logic “1”. When one of the
PFD inputs rises, the corresponding output becomes high. The phase or frequency difference information is stored in the capacitor
which is used to tune the VCO.
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Figure 6: Phase Detector setup used in CP-PLL
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Figure 8: PFD subsystem

The design of single ended CP subsystem is shown in figure 9. CP subsystem consists of PMOS and NMOS current mirror subsystem
with Up switch and Dn switch. The current sources in the CP are designed using current mirror circuits [22]. The current mirror circuit
uses the principle that if the gate-source potentials of two identical MOS transistors are equal, then the current flowing through their
drain terminals should be the same. The charge pump circuits are designed using different combinations of current sources and
switches.

1. Basic Current Mirror circuit with PMOS/NMOS switch
In this the CP uses the basic current mirror circuits using PMOS and NMOS transistors (figure 10 and figure 11 ) whereas the switches

used are PMOS and NMOS transistors (figure 12 and figure 13) acting as a switch. The current mismatch caused is estimated as
12.19%.
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Figure 10: PMOS current mirror subsystem

Figure 11: NMOS current mirror subsystem
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Figure 12: Up switch subsystem Figure 13: Dn switch subsystem

2. Cascode Current Mirror circuit with PMOS/NMOS switch

As discussed above, the current mismatch can be reduced by increasing the output resistance of the current sources, therefore a
Cascode current mirror (figure 14 and 15) is implemented using PMOS/NMOS switch (figure 12 and 13). The current mismatch
caused is 10.70%.
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PMOS4 g .
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Figure 14: PMOS Cascode Current Mirror Figure 15: NMOS Cascode Current Mirror

3. Cascode Current Mirror circuit with Transmission gate switch

It is observed that the current mismatch reduces as the output resistance of the current sources increases. To further reduce the charge
injection and charge sharing caused due to the PMOS/NMOS switch, a transmission gate (figure 16) is used. The current mismatch
caused is 10.06%.
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Figure 16: Transmission gate used as a switch in CP circuit
4. Modified Wilson Current Mirror circuit with Transmission gate switch

To further reduce the current mismatch and obtain an improved CP circuit Modified current mirror circuit (figure 17 and 18) is used
with transmission gate (figure 16). The current mismatch of the CP is reduced to 6.56%.

504 www.ijergs.org



http://www.ijergs.org/

International Journal of Engineering Research and General Science Volume 3, Issue 4, Part-2, July-August, 2015

ISSN 2091-2730

T PMOS3 Il
c%_jvdd ko =.|'£ﬂ
T L
PMOS4
PMCS1
e affle

C’;“’j Iref

g

Figure 17: Modified Wilson PMOS Current Mirror

RESULTS AND DISCUSSIONS
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Figure 18: Modified Wilson NMOS Current Mirror

When the ref signal leads the var signal, the PFD detects a rising edge on the reference frequency and produces an Up signal. This Up
signal from the PFD will turn the Up switch on. This Up pulse will turn on the charging current source and it will cause the CP to
inject current into the LF, thus increasing Vout. The obtained simulated result is shown in figure 7.
The designed set up for phase detector of CP-PLL is simulated at 450 MHz with two different current sources and MOS designed
switches. The current matching graphs for the different circuits designed are shown in figure 19, 20, 21 and 22 respectively.
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Figure 19: Current matching characteristics of Basic
current mirror with PMOS/NMOS switch

Current matching Characteristics of
Cascode Current Mirrror with
transmission gate
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Figure 21: Current matching characteristics of Cascode

current mirror with transmission gate
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Figure 20: Current matching characteristics of Cascode

current mirror with PMOS/NMOS switch
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Figure 22: Current matching characteristics of Modified

Wilson current mirror with transmission gate
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From the graphs it is concluded that current mismatch is reduced for the CP which uses Modified Wilson current mirror with
transmission switch. As the PFD circuit suffers from missing edge phenomenon, the PFD circuit is analyzed at different frequencies to
estimate the missing edge as shown in table 2.

Table 2. Missing edge Phenomenon at different frequencies and phases

Freg\Phase Diff. 0 10 50 | 100 | 150 | 200 | 250 | 300 [ 350
1 MHz 0 0 0 0 0 0 0 0 0
8 MHz ] ] ] ] ] ] O ] ]
20 MHz 0 0 0 0 0 0 0 0 X
30 MHz 0 0 0 0 0 0 0 0 X
50 MHz 0 0 0 0 0 0 0 0 X
70 MHz 0 0 0 0 0 0 0 0 X

100 MHz 0 0 0 0 0 0 0 X X
150 MHz 0 0 0 0 0 0 0 X X
200 MHz 0 0 0 0 0 0 X X X
250 MHz 0 0 0 0 0 X X X X
300 MHz 0 0 0 0 X X X X X
350 MHz O O O 0 X X X X X
400 MHz 0 0 0 X X X X X X
450 MHz 0 0 X X X X X X X

The current mismatch evaluated for the CP using Modified Wilson current mirror circuits and transmission gates is reduced which
reduces the phase error and reference spurs. For, this configuration of CP it is found out that the current mismatch is 1.94 pA in the
range where no missing edge phenomenon occurs as compared to 14.36 uA in the missing edge phenomenon range at 450 MHz
reference frequency. At 230 MHz reference frequency, the current mismatch is 11.78 uA in the range where no missing edge
phenomenon occurs as compared to 44.26 pA in the missing edge phenomenon range.

Missing edge phenomenon is not taken into consideration into the previous works. The previous works only focus on reducing the
current mismatch by using the op-amp circuits, but at the same time it also increases the area which is a concern for SoC applications.
The different designed CP circuits are compared on grounds of Area and Current Mismatch achieved as shown in table 3.

Table 3: Current mismatch in different CP configurations

S. No CP Circuit Current Mismatch (%) Area (um?)

N Ba_sw Current Mirror with NMOS/PMOS 1219 8.5
switch
Cascode Current Mirror with

2 NMOS/PMOS switch 10.70 231
Cascode Current Mirror with Transmission

3. 10.06 23.2
gate

4 Modified Wilson Current Mirror with 6.56* 932

' Transmission gate 1.94 '

*- Count for Missing Edge Phenomenon over all the frequency range

The current mismatch is calculated in table 3 and the timing mismatch is calculated in table 4. Referring to equations 4 and 5, T1 is
found out to be 100 ps. T2 is calculated from different CP circuits and PFD is designed such that no dead zone (T'3) occurs. But for
the worst condition (T3) is taken as 100 e — 15 sec.

Table 4: Timing Mismatch for the different CP configurations

s T1 (Propagation delay T2 (Propagation T3 ATdelay
N6 Circuit due to connection delay for the (Dead =T1+T2
' between PFD and CP switch to change Zone) +T3
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switch) state)

Basic Current Mirror
1. | with NMOS/PMOS 100e-12 2.8e-11 100e-15 1.28e-10
switch

Cascode Current
2. | Mirror with 100e-12 6.79e-11 100e-15 1.68e-10
NMOS/PMOS switch
Cascode Current

3. | Mirror with 100e-12 6.7e-11 100e-15 1.67e-10
Transmission gate
Modified Wilson
4. | Current Mirror with 100e-12 6.5e-11 100e-15 1.65e-10
Transmission gate

Referring table 3 and 4 and referring equations 7 and 8, the phase error and reference spurs are estimated as shown in table 6. From
the table it is concluded that the CP using Modified Wilson current mirror and transmission gate achieves reduced current mismatch
and occupies less area on chip making it suitable for SoC applications. Therefore, a CP with reduced current mirror is designed and
compared with the previous works as shown in table 7 below.

Table 6: Phase error and Reference spur of different CP circuits

Phase Phase Phase Reference | Reference | Reference
error error Total Total
error due Spur due | Spurdue | Spurdue
S. _— due to due to - phase reference
N Circuit to leakage L to leakage | tocurrent | to timing
. current timing : g error spur
current Mismate | mismate current mismatch | mismatch (rad) (dBc/H2)
(rad) h (rad) h (rad) (dBc/Hz) (dBc/Hz) (dBc/Hz)
Basic
Current
1. | Mirror with 6.28e-6 0.3480 0.1661 | -143.0753 -38.6688 -38.6688 0.5141 -44.8142
NMOS/PM
OS switch
Cascode
Current
2. | Mirror with 6.28e-6 0.3054 0.2180 | -143.0753 -40.2253 -36.3068 0.5234 -44.6574
NMOS/PM
OS switch
Cascode
Current
3. | Mirror with 6.28e-6 0.2872 0.2167 | -143.0753 -40.7611 -36.3587 0.5039 -44.9883
Transmissio
n gate
\'\/"V?I‘ig;ed 6.28¢-6 | 0.0554 | 02141 |-143.0753 | -55.0570 | -36.4633 | 0.2695 | -50.4241
4 Current
Mirror with 6.28¢-6 0.1873 | 0.2141 |-143.0753 | -44.4749 | -36.4633 | 0.4014 | -46.9639*
Transmissio
n gate
*- Count for Missing Edge Phenomenon over all the frequency range
Table 7: Comparison with previous works
NS;) Parameters [23] [24] [25] [26] This work
1 Process (um) 0.18 0.18 0.09 0.09 0.18
2 CP Architecture - - Single Ended Single Ended Single Ended
Supply Voltage
3 1.8 1 1 1.8 33
M)
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Current Mismatch

4 %) -<1 -<1 <6.8 7 1.94%
5 CP current (uA) 100 - 20 - 100
Reference Freq.

6 (MHz) - - - 2500 450

7 Area (um?) - - - 85.5 23.2
Circuit Simulated Tanner Cadence design Matlab )

8 . Spectre Spectre . Simulink

in Tool environment .
environment

*- Count for Missing Edge Phenomenon over all the frequency range

CONCLUSION

A CP circuit design for current mirror and switch reducing current mismatch and phase error is proposed. The complete circuit is
designed and simulated in Matlab Simulink Simelectronics in 0.18 um CMOS technology. The current mismatch can be further
reduced by employing a feedback which uses operational amplifiers but at the cost of more area and design complexity. Improved
current matching reduces the static phase offset and reference spurs of a charge pump PLL. CP circuit using Modified Wilson current
mirror improves the performance of charge pump with reduced area. This CP circuit can be used to achieve minimum current
mismatch for SoC applications.
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