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A comparison of the performance limitations of
RC-, Shift Register- and Delay-locked loop- based

multiphase clock generation schemes
Matamando Sanga S2032813

Abstract—Multi-phase clock generators (MPCGs) are often
used in wireless communication systems, high-speed serial links
and other applications where high frequency clock signals are ad-
vantageous to system performance. As a result of their increasing
importance in modern systems, various generation schemes exist.
This paper analyses three generation schemes: Shift register-
based MPCG (SR-MPCG), RC-based MPCG (RC-MPCG) and
Delay-locked loop-based MPCG (DLL-MPCG).
The paper begins by outlining the principles behind the operation
of each scheme and proceeds to convey the observations and
results from generating an 8-phase, 500MHz output signal using
each scheme. All circuits are realised using 0.12µm MOSFET
technology and 1.2V supply voltage. Finally, using phase accuracy
and power usage as criteria, a cross-scheme comparison is made.
The result of this comparison is that the SR-MPCG offers the
highest level of phase accuracy and lowest power consumption.
The DLL-MPCG had the lowest phase accuracy and the highest
power consumption.

Index Terms—Multi-phase clock generator, delay-locked loop,
shift register, RC clock generator

I. INTRODUCTION

MULTI-PHASE clock generators (MPCG) are a subset
of clock generators characterised by their ability to

generate clock signals of varying phase from a single input
signal. The ability to generate clock signals of varying phase
finds utility in a number of fields, one of which is high-speed
serial links. In this field, multi-phase clock signals are used to
attain gate-speeds that surpass the speed limitations that exist
when multiplexing and demultiplexing serial data [1]. Another
use is in analog-to-digital converters (ADCs), where they are
used in order to achieve data rates higher than the local clock
signal [2]. This report will study and compare the performance
of three multi-phase clock generation schemes in terms of
phase accuracy and power. The systems to be evaluated are
an RC-based MPCG, a shift-register based MPCG and a
delay-locked loop MPCG. The primary motivation behind
this research is to carry out a fair comparison of the three
MPCG topologies by implementing the circuits using a single
technology. Through implementing each topology in the same
technology and driving the same load, a better understanding
of the respective differences can be established. In order to
achieve this goal, the research was structured around tackling
the following questions:

• Which clock generation scheme offers the highest phase
accuracy while generating an 8-phase, 500MHz output
clock signal?

• Which of the three schemes offers the best power usage
for a 500MHz output clock signal, while using 0.12µm
MOSFET technology?

• What factors limit the phase accuracy of the individual
generation schemes when driving a standard load mod-
eled to represent the typical load of an MPCG?

In terms of structure, the architecture section will explore
the underlying principles behind each scheme’s operation.
Following this, the simulations and results for each scheme
will be described and the discussion section will make a
comparison based on these results. Furthermore, limitations
in the generation schemes shall be explored. Finally, the con-
clusion will answer the research questions introduced above
and provide recommendations for future research.

II. ARCHITECTURE

This section of the report will outline the principles behind
the operation of each generation scheme.

A. Shift register-based MPCG

Fig. 1. Block schematic of SR-MPCG

The Shift Register-based Multi-phase Clock Generator (SR-
MPCG) is based on the MPCG proposed in [3]. D flip-flops
are designed to store data input provided at the rising edge
of the clock signal (through the D port) and output this at
the Q port during the other parts of the clock signal. Since
the output of the D flip-flop can only change at rising edges
of the clock signal, two D flip-flops connected in series, and
operating on the same clock signal, will have output signals
with a difference of one clock period.

The simple reason for this is that the difference between two
consecutive rising edges of a clock signal is one clock period.
The SR-MPCG leverages this characteristic of D flip-flops in
order to produce multiple phases from a single clock signal. It
is worth noting, however, simply connecting N consecutive D
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Fig. 2. Block diagram of implemented D flip-flop

Fig. 3. Schematic of implemented D flip-flop

flip-flops is not sufficient to produce the desired clock signals.
It is also necessary to connect the flip-flops in a feedback loop
with an inverter, as seen in fig.1. By connecting the D input
of the first flip-flop to the output of the last flip-flop, all stages
of the system are connected in a feedback loop; however, it
is necessary to include an inverter within this loop in order to
produce a complete clock signal. In other words, the inverter
changes the input to the first flip-flop such that the logical high
and low part of a clock signal are generated at the output of
each flip-flop. In this way, the SR-MPCG acts as a divide-by-
2N circuit, where N is the number of flip-flop stages.

B. RC-based MPCG

The MPCG analysed in this section is based on the multi-
phase generator proposed in [4]. It consists of a chain of
capacitors connected in series, followed by a chain of resistors
connected in series. Between each pair of components, a
phase shifted version of the input signal may be retrieved, as
shown in fig. 4. The buffers are then used to create square
waves from the sinusoid input.

Fig. 4. RC-MPCG Circuit

For an input frequency, f , the resistor and capacitor values
may be calculated as follows:
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Since,
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tan(45◦) =
ωRϕC1C2(2C2)

(C1 − C2)(C1 + C2)
· (C1 − C2)(C1 + C2)

(ωRϕC1C2)2

1 =
2C2

ωRϕC1C2

C1 =
2

ωRϕ
(8)

The designer will then choose what value of Rϕ or Cϕ is
acceptable for their system. A general rule when deciding is
that RϕCϕ = 1

2πf , where f is the frequency being applied.
The reason for this rule is as follows:

V90◦ = V0◦ ·
Rϕ

Rϕ + 1
jωCϕ

+ V180◦ ·
1

jωCϕ

Rϕ + 1
jωCϕ

(9)
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Since V180◦ = −V0◦ ,

V90◦ = V0◦

(
−1− jωCϕRϕ

1 + jωCϕRϕ

)
(10)

Then,

H(jω) =
V90◦

V0◦
= −1− jωCϕRϕ

1 + jωCϕRϕ
(11)

Since at cut-off frequency, the phase shift is at half of its
range, the next step is then to find the cut-off frequency. From
eq.11, the cut-off freq is given by

H(jω) = (1− jωCϕRϕ) ·
1

1 + jωCϕRϕ
(12)

At cut-off freq,

|H(jω)| = 1√
2

(13)

To simplify calculations, (1− jωCϕRϕ) will be ignored since
these are the zeros of the system and may therefore be viewed
as the gain. In order to satisfy eq.13,

ω =
1

CϕRϕ
(14)

Then, it holds that

CϕRϕ =
1

ω
(15)

Once the values of Rϕ and Cϕ are chosen, similar steps along
with simultaneous equations can be used to find the optimum
values for C1, C2, R1 and R2.

C. Delay-Locked Loop-based MPCG

The Delay-Locked Loop-based MPCG (DLL-MPCG) can
be divided into 3 blocks: phase frequency detector (PFD),
charge pump (CP) and the voltage-controlled delay line
(VCDL). Fig. 5 shows how these blocks are connected within
the system. The VCDL is used to delay the clock signal and
thereby produce multiple phases from one clock signal. The
CP produces a voltage that regulates the delay of the various
stages of the VCDL such that VV CDL will be in phase with
VClk. In order to produce this control voltage from the CP,
the PFD is used to compare the phase of VV CDL with that of
VClk. The output of this comparison are the signals VUP and
VDWN , which correspond to whether the phase of VV CDL

must be increased or decreased. The loop filter is a low-pass
filter used to smoothen VCtrl∗ .

Fig. 5. DLL-MPCG block diagram

Fig. 6. Circuit of PFD

Fig. 7. Operation of PFD [5]

1) Phase Frequency Detector: The function of this block is
to detect the difference in phase between the reference clock
signal (VClk) and the output from the VCDL (VV CDL). Fig.
6 shows the PFD implemented in this research [5].

The output of the PFD are the signals VUP and VDWN

which correspond to an ”up” and ”down” signal, respectively.
A logic high for VUP occurs when VClk is leading in phase,
relative to VV CDL. Similarly, VDWN has a logic high when
VV CDL is leading in phase, relative to VClk. Table I and table
II show truth tables that describe the operation of the PFD.
More specifically, the tables outline the expected behaviour of
the PFD in the current state, given a specific previous state.
It is necessary to note the previous state in two of the four
possible input combinations, due to the PFD using the parasitic
capacitance of MOSFETS to produce a memory effect within
the system. The effect can be observed when a node is floating
and keeps the state it was previously in for at least 1 clock
period.

It is worth noting that the circuitry responsible for



4

generating VUP and VDWN are generally the same, with the
exception that the input values are swapped as shown in fig.
6. An analysis of the circuitry for VUP is therefore sufficient
to understand the operation of the PFD.

When VV CDL is at a logic high, then the PMOS (U1)
will be switched off while the NMOS (U4) will be switched
on. This is due to PMOS transistors being in the cut-off
region when the magnitude of gate voltage is higher than the
magnitude of threshold voltage, whereas NMOS transistors
will be switched on under the same conditions. Since the
MOSFET U4 is on, it may be treated as a closed switch
to the ground terminal. The node A1 to the next stage will
therefore be at a logic low. As a result, the PMOS (U2)
connected to the power supply (VDD), will be switched on
and cause node A2 to be at logic high. VUP will therefore
be at logic low. The output VUP will be in this state whether
VClk is at a logic high or at a logic low.

When VClk is at a logic high while VV CDL is at a logic
high then PMOS U3 will be switched off while NMOS U4
is on. Node A1 will then be at a logic low due to U4 being
connected to ground. Since A1 is at a low state then U2
will be switched on. U5 will also be switched on due to
VClk but since U6 is switched off, U5 will have no effect on
the state of node A2. A2 will therefore be at a logic high
due to U2 being switched on and having a connection to VDD.

In the case that VClk is at a logic low while VV CDL is
at a logic high, then U1 will be switched off while U3 and
U4 will be switched on. The node A1 will then be a logic
low since U4 connects to ground while U3 connects to the
switched off MOSFET U1. VClk being at a low state causes
U5 to be switched off while U2 is switched on. A2 will
therefore be at logic high and cause VUP to be at a logic low.

When VV CDL is at a logic low and VClk is at a logic low,
then node A1 will have a connection to VDD since U1 and
U3 will be switched on. A1 will therefore be at a logic high.
A1 being at a logic high will cause U6 to be switched on,
whereas U2 will be switched off. VClk being at a logic low
causes U5 to be switched off. As a result, node A2 will have
no connection to both ground and VDD. In this situation, the
node is said to be floating and will retain its previous state.

• If the previous state was VV CDL being at logic low while
VClk is at logic high, then the current state is ill-defined
and will depend on the last well-defined state. The reason
for this is that VV CDL being at a logic low causes U1 to
be switched on while U4 is switched off. VClk being at
logic high will cause U3 to be switched off while U5 is
switched on. Since there is no connection to the ground
or supply, then A1 will be defined by its’ previous state.
Node A1 will then cause A2 to be defined by its’ previous
state.

• If the previous state was VV CDL being at logic high while
VClk is at either logic high or logic low, then node A2 will
be at logic high. As previously mentioned, when VV CDL

is at logic high then node A1 will be at logic low and

switch on U2, which will cause node A2 to be at logic
high. In terms of the current state this will result in VUP

being at logic low.
For the scenario where the current state of VV CDL is at

logic low and VClk is at logic high, then node A1 will be
ill-defined because U3 and U4 will both be switched off. A1
therefore keeps the value of its’ previous state. In this instance,
the previous state will be one of two options:

• if both VV CDL and VClk were at logic low, then A1 will
be at logic high since U1 and U3 are switched on while
U4 is switched off. Since the current state will define
A1 as a logic high due to the previous state, U6 will be
switched on while U2 is switched off. VClk having a logic
high in the current state will cause U5 to be switched on,
resulting in A2 being at logic low due to the connection
to ground. VUP shall therefore be at logic high in the
current state.

• if the previous state had both VV CDL and VClk at logic
high, then the current state of A1 will be defined as
logic low. This will cause U2 to be switched on along
with U5. As a result of the connection, A2 will be at
logic high, causing VUP to be at logic low.

2) Charge Pump: The function of the charge pump is to
convert the signals VUP and VDWN from the PFD into a
control signal (VCtrl). This control signal is used to modulate
the delay within the VCDL, such that VV CDL is in-phase with
VClk. A single-ended drain-switched charge pump was chosen
to implement this function in the system. In addition to having
a low level of complexity, this topology has the advantage of
offering low rates of power consumption during operation [6].
It is made up of two current mirrors, a pair of MOSFETs that
operate as switches, and an inverter and loop filter that are
connected to the input and output, respectively.

Fig. 8. Circuit of charge Pump

In terms of operation, the PMOS U19 and NMOS U22
operate as switches that are controlled by the output from
the PFD. When VUP is at a logic high, U19 switches on
due to the logic high being inverted by the transistors U20
and U21. Transistors U18 and U17 together form the current
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TABLE I
TRUTH TABLE SHOWING OPERATION OF PFD’S VUP CIRCUITRY

VV CDL VClk A0 A1 A2 A3 VUP

Case: VV CDL lagging VClk

0 0 1 1 (previous state) 0 (previous state)
0 1 1 1 (previous state) 0 0 1
1 1 1 (previous state) 0 1 1 0
1 0 0 0 1 1 (previous state) 0
0 0 1 1 1 (previous state) 0 0
0 1 1 1 (previous state) 0 0 1
1 1 1 (previous state) 0 1 1 0
1 0 0 0 1 1 (previous state) 0
0 0 1 1 1 0 0

Case: VV CDL leading VClk

0 0 1 1 (previous state) 0 (previous state)
1 0 0 0 1 0 (previous state) 0
1 1 0 (previous state) 0 1 1 0
0 1 1 0 (previous state) 1 1 0
0 0 1 1 1 (previous state) 0 0
1 0 0 0 1 0 (previous state) 0
1 1 0 (previous state) 0 1 1 0
0 1 1 0 (previous state) 1 1 0
0 0 1 1 1 (previous state) 0 0

TABLE II
TRUTH TABLE SHOWING OPERATION OF PFD’S VDWN CIRCUITRY

VV CDL VClk A0 A1 A2 A3 VUP

Case: VV CDL lagging VClk

0 0 1 1 (previous state) 0 (previous state)
0 1 1 1 (previous state) 0 0 1
1 1 1 (previous state) 0 1 1 0
1 0 0 0 1 1 (previous state) 0
0 0 1 1 1 (previous state) 0 0
0 1 1 1 (previous state) 0 0 1
1 1 1 (previous state) 0 1 1 0
1 0 0 0 1 1 (previous state) 0
0 0 1 1 1 0 0

Case: VV CDL leading VClk

0 0 1 1 (previous state) 0 (previous state)
1 0 0 0 1 0 (previous state) 0
1 1 0 (previous state) 0 1 1 0
0 1 1 0 (previous state) 1 1 0
0 0 1 1 1 (previous state) 0 0
1 0 0 0 1 0 (previous state) 0
1 1 0 (previous state) 0 1 1 0
0 1 1 0 (previous state) 1 1 0
0 0 1 1 1 (previous state) 0 0

mirror which acts as a current source to U19. At the moment
that U19 is switched on due to VUP , a current pulse occurs
and increases the value of VCtrl. Similarly, when VDWN is
at logic high, U22 switches on and due to the connection it
has to the current mirror formed by U23 and U24, current is
sunk to ground thereby decreasing the value of VCtrl.
It is worth noting that due to current pulses within the CP,
as well as non-idealities associated with the switching of the
MOSFETs in the charge pump, the control voltage from the
CP generally contains ripples. In order to obtain a control
voltage that is relatively constant as current pulses occur,
a loop filter is connected between the output of the charge
pump and the input of the VCDL, as shown in fig. 5.
When designing a loop filter, it is necessary to consider
the effect this filter will have on closed-loop stability of
the overall system. In general, higher order low-pass loop
filters provide better output due to filter attenuation above
the bandwidth being proportional to the number of poles
[7]. On the other hand, closed-loop stability decreases as
the number of poles in a system is increased. For this

reason, the capacitor Clpf is used to implement a first order
low-pass filter. The advantage of implementing the loop filter
in this way, is that the capacitance of Clpf can be added
to the parasitic capacitance of the charge pump to form an
equivalent capacitance that will not increase the number of
poles within the system.

3) Voltage-Controlled Delay Line: The VCDL is primarily
made of a chain of delay units which provide an equidistant
phase shift of the reference clock signal VClk. Each delay unit
has two inputs: VDU and VCtrl. VDU is generally the output
of the previous stage, with the exception of the first delay unit
that takes VClk as an input. As shown in fig. 9, the second
input is the filtered control voltage (VCtrl).

In general, the VCDL block aims to match the output of
its final stage (VV CDL) with the reference clock signal VClk.
It achieves this by implementing an overall delay equal to a
period of VClk. In other words, the number of delay units
determines how much phase shift is attained at the output of
each stage since the final stage will be in phase with VClk.
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The individual delay units are able to achieve the required
delay as follows. As shown in fig. 10, the MOSFETs in the
delay unit add parasitic capacitance to the circuit [8].

Cpngd
is the combined gate-drain capacitance of P1 and

N1. Cpdb1
and Cndb1

are the drain-bulk capacitance of P1
and N1, respectively. The drain-bulk capacitance are a result
of having a reverse-biased pn junction within the MOSFETs.
Similarly, Cndb2

is the drain-bulk capacitance of N2. Cw is
the wire capacitance. This becomes increasingly important as
the MOSFETs gets smaller in size. Finally, Cpg and Cng are
the gate capacitance of P2 and N3.
In order to understand the propagation delay introduced
by this circuit, the parasitic capacitance indicated in
fig. 10 are combined into a single parasitic capacitance
Ceq = Cpngd

+ Cpdb1
+ Cndb1

+ Cndb2
+ Cw + Cpg

+ Cng
.

When VDU instantaneously changes from a logic high to
logic low state, N1 will operate in the cut-off region while
P1 will operate from the saturation region. Additionally, if
VCtrl = 0V then N2 will also be in the cut-off region. A
simplified model to represent this situation would then have
P1 represented by a resistor and N1 represented by an open
switch with Ceq in parallel (fig. 11a). This setup is equivalent
to a basic RC circuit and it can therefore be said that the time
it will take for the output of the inverter to reach 70% of the
maximum value is τ = RC, where R and C are given by:

C = Ceq + C1 (16)
R = RP1DS

+RN2DS
(17)

for RP1DS
the drain-source resistance of P1 and RN2DS

the
drain-source resistance of N2. Note that C1 is an external
capacitor placed in the circuit to increase the delay range of
each delay unit.
A similar model can be made for the situation when VDU

instantaneously changes from a logic low to logic high state,
while VCtrl = 0V . The difference being that P1 and N2 will
operate in the cut-off region while N1 is in saturation.

When N2 and VCtrl are taken into account, the model of
fig. 11 slightly changes to have a current source in parallel
with Ceq and C1, as shown in fig. 12. The current source
(N2) changes the time constant τ = RC.

Fig. 9. Circuit of delay unit

Fig. 10. Equivalent circuit modelling the parasitic capacitance of a delay unit

Fig. 11. Simplified model of delay unit when a)VDU = 0V b) VDU = VDD

When gate voltage of N2 increases due to rising VCtrl,
then more current is pulled to ground. When more current
is pulled to ground, then the time taken to charge Ceq and
C1 increases. Similarly, reducing VCtrl decreases the delay
because less current is pulled to ground resulting in a shorter
charging time. It is necessary to scale N2 such that the delay
of a unit is −20%tdelay when VCtrl = 0V and +20%tdelay
when VCtrl =

VDD

2 , where tdelay is the desired time delay.

III. METHODOLOGY

The aim of this research was to tackle the following research
questions:

• Which clock generation scheme offers the highest phase
accuracy while generating an 8-phase, 500MHz output
clock signal?

• Which of the three schemes offers the best power usage
for a 500MHz output clock signal, while using 0.12µm
MOSFET technology?

Fig. 12. Simplified model of delay unit when N2 is not in cut-off region and
a)VDU = 0V b) VDU = VDD
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• What factors limit the phase accuracy of the individual
generation schemes when driving a standard load mod-
eled to represent the typical load of an MPCG?

In order to achieve this goal while maintaining a fair
evaluation between the different generation schemes,
boundary conditions were set. The first condition is that
a standard load will be applied to each topology since
MPCGs are typically connected in a system where they
drive a certain load. In this way, the research can provide
more realistic results. Bearing this in mind, the load was
arbitrarily chosen to be a magnitude four times larger than
the CMOS inverters being implemented in the topologies. As
such, the load had WNMOS = 0.64µm, WPMOS = 1.6µm
and LNMOS = LPMOS = 0.48µm, where WNMOS and
WPMOS are the NMOS and PMOS width, while LNMOS

and LPMOS are the channel length of the NMOS and PMOS.

The second condition is that the output of each circuit
must be a 500MHz clock signal. This condition will increase
fairness in the research since the SR-MPCG produces an
output signal with a frequency inversely proportional to the
number of delay stages i.e. an input of 4GHz to a 4-stage
SR-MPCG will result in a 4-phase 500MHz output, whereas
the same input to the RC-MPCG will give a 4GHz output.
Implementing a condition based on the output signal rather
than the input signal will enable this research to gain a better
understanding on the quality of output signal a scheme can
produce inspite of the differences in implementation.

The final condition is that the supply voltage, VDD, will be
limited to 1.2V for all schemes. This condition will ensure
the power evaluation is an accurate reflection of the system’s
ability. Additionally, 1.2V is the value of supply voltage in
many CMOS applications which will make the results more
relevant to current work.

A. Simulations & Results

1) SR-MPCG: The clock signal (VClk) for this circuit was
an 8GHz square wave. As mentioned in earlier sections, this
scheme produces an output with frequency Fout = FClk

2N ,
where N= number of D flip-flop stages. In this case, a 500MHz
output from eight stages will require an 8GHz clock signal.

The D flip-flops of the SR-MPCG each operate on a rising
edge of the clock signal, which means that the generated
phases should be 22.5◦ apart since the D flip-flops operate
at intervals of 1 clock period apart. Per stage phase difference
is calculated as follows:

ϕdiff =
τClk

τphase
·360◦ =

0.125 ∗ 10−9

2 ∗ 10−9
·360◦ = 22.5◦

where τClk = period of the reference clock; τphase = period
of the generated phase.

Table III shows the measured and expected phase difference
between the first phase and the seven other phases generated
by the SR-MPCG. Note that the measured values had a phase

Fig. 13. showing waveform of VClk and second phase of SR-MPCG
(Vphase2)

Fig. 14. showing 8-phase Output of SR-MPCG

TABLE III
SR-MPCG PER STAGE PHASE DIFFERENCE RELATIVE TO FIRST PHASE

Compared Phases Expected Phase
Difference

Measured Phase
Difference

Phase 1 & Phase 2 45.0◦ 45.0◦

Phase 1 & Phase 3 90.0◦ 90.0◦

Phase 1 & Phase 4 135.0◦ 135.0◦

Phase 1 & Phase 5 180.0◦ 180.0◦

Phase 1 & Phase 6 225.0◦ 225.0◦

Phase 1 & Phase 7 270.0◦ 270.1◦

Phase 1 & Phase 8 315.0◦ 315.2◦

error of ≈ 8◦ which was considered to be due to clock skew.
As such, it was neglected from the measured values.
The average power to the circuit from the power supply was
measured to be PVDD

= 191µW , whereas the absolute power
from the reference clock signal was PClk = 2µW , with an
average current of 6nA.

2) RC-MPCG: In order to find the capacitor and resistor
values required, the steps of Section II-B were implemented.
Using the approximation that RϕCϕ = 1

2πf , it was chosen that
Rϕ = 1100Ω. As a result, Cϕ≈289fF .

Using eq.8 and the value of Rϕ, C1 could be calculated.
In order to simplify computation, it was assumed that
the capacitors have the same magnitude. This is to say,
C1 = C2 = 578fF . Once the values of C1 and C2 were
verified to give the required angle, similar steps were
taken to find the value of the resistors R1 and R2. The
difference between the calculations, however is that in this
case Rϕ = R1 + R2. Therefore, setting R1 = R2 results
in R1 = R2 = 0.5Rϕ. The final values of resistors and
capacitors were as shown in fig.15.
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TABLE IV
RC-MPCG PER STAGE PHASE DIFFERENCE RELATIVE TO FIRST PHASE

Compared Phases Expected Phase
Difference

Measured Phase
Difference

V0◦& V45◦ 45.0◦ 44.0◦

V0◦& V90◦ 90.0◦ 90.1◦

V0◦& V135◦ 135.0◦ 136.2◦

V0◦& V180◦ 180.0◦ 178.6◦

V0◦& V225◦ 225.0◦ 222.1◦

V ◦
0 & V270◦ 270.0◦ 268.2◦

V0◦& V315◦ 315.0◦ 314.0◦

Fig. 15. Implemented 8-phase RC-MPCG Circuit

Fig. 16. 8-phase square wave output of RC-MPCG

A 1.2V, 500MHz sinewave with 0◦ phase shift and another
1.2V, 500MHz sine wave with a 180◦ phase shift, were
applied to the system as shown in fig. 15. It is worth noting
that the first 4 phases, between 0◦ and 180◦, can be generated
directly from the output of the corresponding buffer stage.
On the other hand, to generate the phases between 180◦ and
360◦, the first 4 phases must be inverted to produce a 180◦

phase shift in each signal. Table IV shows a summary of
the measured phase accuracy for each of the expected phase
shift values. The average power from the power supply to
the circuit, was measured to be PVDD

= 291µW . The power

from the reference clock was PClk = 17µW .

3) DLL-MPCG: A 1.2V, 500MHz square wave was used
as the VCLK input. The operation of the PFD was verified by
plotting the output wavforms for VV CDL lagging and leading
VCLK (fig.17 and fig.18 respectively).

Fig. 17. PFD output when VV CDL is leading VClk

Fig. 18. PFD output when VV CDL is lagging VClk

The capacitor used in the loop filter (Clpf ) as shown in fig.8
was selected such that τ = 50ns. Therefore, Clpf = 0.5pF .
The calculations were as follows:
For a capacitor it holds that,

IC =
dVC

dt
C (18)

where, IC = current through the capacitor; VC = voltage of
the capacitor; C = capacitance
In order to find the time taken to charge to VC = VDD

2 = 0.6V ,
eq.18 becomes

VC =
IC
C

·t (19)

Eq.19 shows the relation between charge time and
capacitance.

In terms of the delay unit, transistor N2 (from fig.19) was
scaled such that each delay unit has a delay range of 202ps−
304ps for Vctrl = 0V and Vctrl = 0.6V , respectively.

In terms of implementation, eight stages were implemented
with an inverter as the load.

As with other topologies simulated in this research, the
simulation was taken with time steps of 55.6fs to represent
a phase accuracy of +/−0.1◦ for 500MHz signals. The delay
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Fig. 19. Implemented delay unit

Fig. 20. Graph of delay unit output as a function of VCtrl when the input
is a 1ns pulse of 1.2V

measured from the first to the last stage of the VCDL was
1782ps. In addition to the 238ps delay between the clock
signal and first stage, the total delay of the VCDL block was
2020ps. For this result, the charge pump settled at a value
of VCtrl = 350mV . Compared to the delays shown in table
V, the delays measured in table VII are larger than expected
by at least 40ps. Part of this increase is due to the gate-drain

TABLE V
MEASURED DELAY PER DELAY UNIT FOR 0V ≤ VCtrl ≥ 1.2V

V Ctrl[V] Delay[ps]
0 202.1
0.2 202.2
0.4 210.5
0.6 304.1
0.8
1
1.2

Fig. 21. DLL output showing 8 phases, where Vdu1 is the output of the first
delay unit and Vdu8 is the output of the last delay unit.

Fig. 22. showing the output of the first stage of the VCDL (VDU1), the last
stage of the VCDL (VDU8) and the clock signal (VClk)

TABLE VI
PHASE DIFFERENCE OF DLL-MPCG STAGES RELATIVE TO THE FIRST

PHASE

Compared Phases Expected Phase
Difference

Measured Phase
Difference

Phase 1 & Phase 2 45.0◦ 46.3◦

Phase 1 & Phase 3 90.0◦ 92.3◦

Phase 1 & Phase 4 135.0◦ 138.2◦

Phase 1 & Phase 5 180.0◦ 184.0◦

Phase 1 & Phase 6 225.0◦ 229.5◦

Phase 1 & Phase 7 270.0◦ 274.7◦

Phase 1 & Phase 8 315.0◦ 320.8◦

TABLE VII
DELAY PER STAGE OF VCDL

Delay Stage Output Delay [ps]
1 238
2 257
3 256
4 255
5 254
6 253
7 251
8 256

capacitance of the inverters of the next stage and the drain-
bulk capacitance from the previous stage. This effect, however,
accounts for at most 20ps of the added delay. It is uncertain
at this point, the other reason(s) behind the increased delay in
each stage.
The average power from the power supply to the DLL-MPCG
was measured to be PVDD

= 538µW and the reference clock
had an average power of PVClk

= 145nW and an average
current of 288pA.

IV. DISCUSSION

A. Phase Accuracy & Power Usage

In order to compare the phase accuracy across topologies,
the average error margin(EMavg) will be evaluated. This is
calculated as follows,

EMavg =

∑8
N=2 |ϕmeas − ϕexp|

k
(20)

where ϕmeas = measured phase; ϕexp = expected phase; N =
phase number; k = total number of phases compared
The SR-MPCG generates equidistant phases that are 45◦

apart. In terms of the average error margin, this topology had
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Fig. 23. Top: Charge pump input VDWN ; Middle: Charge pump input VUP ;
Bottom: Charge pump output VCtrl

the lowest phase error (EMavg = 0.03◦) which makes it the
topology with the highest phase accuracy.
In the case of the RC-MPCG, consecutive phases are separated
by 45◦. In terms of phase accuracy, it had EMavg = 1.34◦.
This value made it the topology with the second-highest
phase accuracy when compared with the other topologies.
For the DLL-MPCG, similar to the RC-MPCG, phases are
separated by 45◦. This topology, however, had the lowest
phase accuracy with EMavg = 3.69◦.

In terms of power usage, the main area of focus was the
power generated from the power supply to each topology
(PVDD

). The power supplied by the reference clock (PClk) in
each topology was also measured, however, it was considered
to have less weight in the comparison due to being magnitudes
smaller and therefore not a true reflection of the power
required to operate each topology.
SR-MPCG had the lowest power requirement with PVDD

=
191µW and PClk = 2µW . The RC-MPCG has the next
lowest power requirements with PVDD

= 291µW and PClk =
17µW . Finally, the DLL-MPCG has the highest power re-
quirements with PVDD

= 538µW and PClk = 145nW .

TABLE VIII
TOPOLOGY COMPARISON BY CRITERIA

Criteria SR-MPCG RC-MPCG DLL-MPCG
Phase Error [EMavg] 0.03◦ 1.34◦ 3.69◦

Supply Power [PVDD
] 191µW 291µW 538µW

Clock-input Power
[PClk] 2µW 17µW 145nW

In future,the fairness of the comparison could be improved
by taking into account the optimisation of implemented
circuits. In the current research, the DLL-MPCG was not
fully optimised which means that some blocks may demand
more power than necessarily required. Bearing this in mind,
future research can improve on this work by making a
comparison with fully optimised topologies.
Secondly, the difference in input signals between the RC-
MPCG and the other topologies, made the research less fair
as the clock signal in the DLL-MPCG and SR-MPCG were
a square wave that was driving a buffer. On the other hand,
the input to the RC-MPCG came from 2 sine waves.
Lastly, the SR-MPCG requires a much higher input clock
frequency to operate, compared to the other topologies.

Fairness can be improved if this difference is accounted for
within the power usage comparison of future work.

B. Limitations

The first consideration is the switching speed of the D flip-
flops used in the SR-MPCG. Due to the MPCG being made
of a chain of D flip-flops, if using a reference clock signal
that has a period close to the flip-flop switching speed, the
flip-flops struggle to switch as quickly as the clock signal.
As a result of the setup and hold times being violated by the
continuous switching, the generated phases produce distorted
square waves.
The second limitation is the number of phases being extracted
from the RC-MPCG and the circuit’s loading. Due to the RC-
MPCG inducing a phase shift via capacitors and resistors,
the complexity of determining component values increases
with the number of components in the RC block. The reason
for this is that for a given frequency, a specific impedance
value is necessary to achieve the desired phase shift. When
that impedance is made of other impedances with their own
requirements, changing component values greatly affects the
output of other phases since the impedance for other phases
will be affected. Similarly, the loading of the circuit adds
impedance to the overall circuit. As such, the impedance at
each phase fluctuates.
Lastly, it was noted that the DLL-MPCG had a total delay
of 2020ps rather than 2000ps which may be attributed to a
”deadband” in the PFD. When the phase difference between
the inputs of the PFD gets small enough, the PFD is unable
to distinguish this difference and temporarily malfunctions. It
is fair to say that this 20ps difference from the expected total
delay can be attributed to this effect. As such, the presence of
a deadband in the PFD is a limitation to the phase accuracy
of the DLL-MPCG.

V. CONCLUSION

In this paper, an 8-phase, 500MHz output clock signal was
generated from three clock generation schemes. Following an
outline of the operation of each generation scheme, circuit
performance was compared in terms of phase accuracy and
power usage. It was determined that SR-MPCGs offer the
highest phase accuracy among the three schemes.The RC-
MPCG then had the second-highest phase accuracy. This was
on the basis of having an error margin of 1.34◦ compared
to the DLL-MPCG that had an error margin of 3.69◦. Fur-
thermore, the evaluation of power usage showed that the SR-
MPCG has the lowest power requirements with an input power
of PVDD

= 191µW . The highest power consumption was
from the DLL-MPCG that had PVDD

= 538µW . Lastly, it
was noted that phase accuracy of the SR-MPCG is limited by
the switching speed of implemented D flip-flops. On the other
hand, the phase accuracy of the RC-MPCG is affected by the
circuit’s loading and the number of phases to be generated.
Based on the conducted research, a recommendation for future
research would be to compare the quality of output signals
generated by each topology over a set range of frequencies,
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while being implemented in the same technology and having
a load. By exploring this recommendation, the difference in
frequency range per topology and the resistance of each system
to noise, can be compared and evaluated.
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