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Abstract—This paper presents an analysis of three capacitive
stacking techniques in a bottom-plate N-path mixer, which are
the Dickson charge pump, Series-Parallel charge pump and
Fibonacci charge pump. The three charge pump circuits are
compared in a DC-DC application and in a Radio frequency
mixer. The performance of the charge pumps is derived based
on the voltage gain, taking into account the effects of parasitic
capacitances and the on-resistance of the switches in the charge
pump. The Dickson and Fibonacci charge pump with passive
mixer have shown similar behaviour, both have a decrease in
voltage gain around 29% when parasitic capacitance are taken
into account. The Series-Parallel charge pump with passive mixer
is influenced the most by the effects of the parasitic capacitance
with a voltage gain decrease of 70.5%. This decrease in voltage
gain is most likely caused by the contribution of the parasitic
capacitance in the charge pump to the unwanted low pass filtering
in the mixer. A switch on-resistance in the charge pump which
is 10 times larger than the switch on-resistance in the mixer is
analysed. Due to the increase in switch on-resistance a decrease
in voltage gain of 30.8%, 38.3% and 66.4% has been observed for
the Dickson, the Fibonacci and the Series-Parallel charge pump,
respectively.

Index Terms—Switched Capacitor, Charge Pump, N-Path
Mixer/Filter, Mixer-First Receiver.

I. INTRODUCTION

The current state of the art antenna interfaces of radio
frequency receivers require resonant structures for impedance
matching and to reject out-of-band blockers, but these resonant
structures are highly frequency dependent [1]. This frequency
dependence limits the frequency range of the receiver.

Passive mixer-first architectures do not need to have these
resonant structures in the receiver chain. A passive mixer-
first architecture without a radio frequency low-noise amplifier
could have the potential to use substantially less power or
instead of using less power it could also have the potential to
have a greatly increased tuning range and linearity [1]. Passive
mixers use a lot of power to drive their switches and to power
the clock circuitry that generates the clocks that are needed.
These clocks are necessary for the mixer to work and thus
cannot be removed to save power.

In [2], a way has been presented to achieve a 6dB passive
voltage gain with implicit capacitive stacking in a radio
frequency front end. However, the potential of using capacitive
stacking techniques in passive radio frequency front ends has
hardly been examined yet. The objective of this bachelor as-
signment is to compare various methods of capacitive stacking

techniques for use in radio frequency mixers and to identify
their limitations.

A lot of research has been done on capacitive stacking
techniques, such as DC charge pumps [3]. There are many
charge pump topologies and all of them are based on the same
principle. They use switches and capacitors to boost/decrease
the DC input voltage to the desired DC output voltage [3].
However, the way the switches are configured differs which
gives each topology its own characteristics.

The following topologies will be compared in an RF mixer:
Dickson charge pump [4], Series-Parallel charge pump [5]
and Fibonacci charge pump [6]. These charge pumps will
first be examined in a DC-DC application to gain knowledge
and insights. Secondly, these insights will then be used to
implement the topologies in a radio frequency mixer.

The methods will be compared with the help of analytical
derivations, simulations and calculations. The following things
will be investigated: the effects of parasitic capacitance in the
charge pump on the voltage gain and the influence of the on-
resistance of the switches in the charge pump on the voltage
gain.

Section II gives an analysis of the charge pump topologies
that will be implemented in a radio frequency mixer. Circuit
details of the charge pump with passive mixer are presented
in Section III and section IV gives the simulations results.
Section V presents a comparison and a discussion of these
results. A conclusion is given in Section VI.

II. CHARGE PuMP TOPOLOGIES

A schematic of the Dickson, Series-Parallel and Fibonacci
charge pump is shown in Fig. 1. Switch 1 and switch 2 are
driven by a non overlapping 50% duty-cycle clock signal.
During each clock cycle capacitor C; —Cj receive some charge
from the preceding capacitor and give some of this charge
to the next capacitor. In an ideal situation the output voltage
Vousr of the charge pump increases linearly with the number
of stages. However, in reality the output voltage is limited
by the parasitic capacitance and the switches in the circuit.
Capacitor C; — Cy all have a top plate parasitic capacitance
aCpp and bottom plate parasitic capacitance SCpp [5] [6].
« and § are determined by the substrate, for simplification
it is assumed that aCpp = SCpp = Cpp. These parasitic
capacitance decrease the output voltage since a part of the



charge that is transferred between the stages is shared with
the parasitic capacitor and wasted [7]. The switches decrease
the output voltage because they have a non zero on-resistance
R,, which means that they will act like a resistor when they
are on. This on-resistance is ideally as close to zero as possible
since then less voltage is dissipated as heat.

To determine the actual voltage gain of the Dickson, Series-
Parallel and Fibonacci charge pump an in depth analysis is
needed, but since that is not the scope of this paper the
three charge pumps will be looked at shortly to get a rough
understanding of the difference between the topologies.

A. Dickson Charge Pump

The Dickson charge pump [4] shown in Fig. 1a is a 4-stage
charge pump with a voltage gain of 5 [V/V]. It uses two pulse
trains that are in anti-phase to charge and pump its capacitors
C1-Cy. The voltage gain of the Dickson charge pump in an
ideal situation can be estimated with the following equation,
where N is the number of stages:

Gp=N+1 (D

B. Series-Parallel Charge Pump

The Series-Parallel charge pump [5] shown in Fig. 1b is a
4-stage charge pump with a voltage gain of 5 [V/V]. Every
capacitor is charged in a parallel configuration with V;,, and
then switched to a series configuration, which is uses to read
out all capacitors and V;,, at once. In an ideal situation the
voltage gain is estimated with the following formula, with N
being the number of stages:

Gsp=N+1 2

C. Fibonacci Charge Pump

The Fibonacci charge pump [6] shown in Fig. Ic is a
3-stage charge pump with a voltage gain of 5 [V/V]. The
Fibonacci charge pump has the highest ideal voltage gain for
the least amount of stages needed [7]. In an ideal situation the
voltage gain of the Fibonacci charge pump is given by the Nth
Fibonacci number, where N is the number of stages [5]:

Gr = 1.16e%483N (3)

III. CIRCUIT DESIGN

In this section, three charge pump with mixer configurations
are described which are build on the bottom-plate mixer pro-
posed in [2], a schematic of the mixer can be seen in Fig. 2a.
It’s a 4-path bottom plate N-path filter with resistor R; of 50¢2
and capacitors C to Cy of 6.4pF'. The voltage is readout from
the bottom plate of the capacitors at Va1, Viy 42, Vas and Vay,
the switches are turned on/off by a 4-phase non-overlapping
clock shown in Fig. 2b with a frequency fro of 1GHz and
the mixer switches have an on-resistance Rop mizer Of 386
After many cycles the voltage over the capacitors V¢ is equal
to the average input voltage the capacitor has seen, while it
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(a) Schematic of 4-Stage Dickson charge pump [7].
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(b) Schematic of 4-Stage Series-Parallel charge pump
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(c) Schematic of 3-Stage Fibonacci charge pump [7].

Fig. 1: Schematics of the charge pump topologies with G = 5,
switch 1 and switch 2 are driven by non-overlapping 50%
duty-cycle clock signals.

was connected to ground. This voltage can be seen as a DC
voltage which is necessary for the input of the charge pumps.

The capacitors in the mixer have a parasitic capacitance
between the top plate and the substrate aC'p and a parasitic
capacitance SCp between the bottom plate and the substrate.
For simplification reasons it is assumed that aCp = Cp =
Cp. The parasitic capacitance C'p is 1.3% of the capacitance
of capacitor C to Cy [2].

The parasitic capacitance in the mixer cause unwanted low
pass filtering, which results in signal degradation [8]. Since
capacitor Cpg; to Cpy is isolated from capacitor C to Cy
through switches the parasitic capacitance of these capacitors
does not contribute to the unwanted low pass filtering. This
will not be the case when Cp; to Cpy is replaced with a
charge pump, since the capacitors in the charge pump have to
be charged they will not be isolated from capacitor C; to Cy.
Therefore the parasitic capacitance of the charge pumps Cpp
will contribute to the unwanted low pass filtering.

This parasitic capacitance and switch resistance will also
be used for the parasitic capacitance and switches in the
charge pumps, so Cpp = 1.3% and R,, = 380. This
decision has been made, because the charge pump with mixer
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Fig. 2: Schematic of mixer circuit with capacitive stacking [2].

configurations are built on this bottom plate mixer and keeping
the mixer circuit and the charge pump circuit as equal as
possible makes it more interesting for a comparison between
the two.

In order to examine the effects of the parasitic capacitance
in the charge pump on the voltage gain, a simulation can be
done where Cpp = 0 and a simulation can be done where
Cpp = 1.3%, while keeping all other variables the same.
Since the parasitic capacitance in the charge pump will result
in additional signal degradation, the voltage over capacitor C
to Cy will decrease. The comparison of the voltage gain is
only relative when this is taken into account and therefore for
the results the input voltage should be the voltage over the
capacitor without this extra signal degradation. The voltage
gain can be calculated by dividing the output voltage with the
input voltage:

G = Youo (4)
Ver

Using the same method, the effect of the on-resistance of the
switches in the charge pump on the voltage gain can be inves-
tigated. The parasitic capacitance cannot be neglected in this
analysis and therefore Cpp = 1.3%. The switch on-resistance
in the charge pump will be analysed for R,, = 0.1Ron mizers
Ron = Ron,mizer and Rop = 10Rop miger. These values will
give a good approximation of the behaviour the voltage gain
will have for smaller or larger on-resistances in the charge
pump.

As mentioned in the introduction 6dB voltage gain in a
4-path bottom plate mixer can be achieved with an implicit

capacitive stacking technique, the reader is referred to [2] for
the analysis. The 6dB voltage gain is achieved by reading out
the voltage over the bottom plate of C;-C; when they are
in anti-phase. So (' is connected to ground during ¢y which
means that it should be read out during ¢;g¢. This can be done
by connecting a switch to the bottom plate of the capacitor as
shown in Fig. 2a.

When (1 is read out during ¢159 then V43 is equal to 2Vs,
when Cs is read out during ¢o7g then V4o is equal to 2V,
when C5 is read out during ¢ then V43 is equal to 2V
and when C} is read out during ¢gg then V4; is equal to
2Vc2. These capacitor voltage relations will be used for the
configuration of the charge pumps to maximize the achievable
voltage gain by starting with an input voltage that is twice as
big as the normal input V.
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(a) Configuration of charge pump Py for the Dickson mixer.
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(b) Configuration of charge pump Py for the Series-Parallel
mixer.
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(c) Configuration of charge pump Py for the Fibonacci mixer.

Fig. 3: Schematic of charge pump Fp.

TABLE I: Charge Pump Configurations.
Charge Pump | Vj, | Switch 1 | Switch 2 Vout
Po Vas $0 $180 Vouto
Pyo Vaa $90 $270 Vout9o
P1go Va1 $180 0 Vout180
Pa70 Vao @270 $90 Vout270




There are 4-paths in the mixer and therefore 4 charge pumps
Py, Py, Pigo and Py are needed. Charge pump Py is used
for Vo1, Pyg is used for Voo, Pigg is used for Vg and Porg is
used for Vioy. Since all charge pumps have the same behaviour
it is not necessary to analyse all 4 charge pumps and therefore
for each topology only charge pump F, will be considered.
The configurations of the charge pumps can be derived with
the schematic of the charge pumps shown in Fig. 1 and Table I.
The configuration of Charge pump F; for all three topologies
can be seen in Fig. IIL.

IV. SIMULATION RESULTS

The simulations are performed in LTspiceXVII.

A. Simulations Dickson Charge Pump With Passive Mixer

The Dickson charge pump with passive mixer circuit in Fig.
3a has been simulated. The output and input voltage of charge
pump Py with R,, = 38 for Cpp = 0 and for Cpp =
1.3% is shown in Fig. 4a and Fig. 4b. Using these graphs and
equation 4 a voltage gain can be calculated for when Cpp = 0
and for when Cpp = 1.3%. Respectively Gp; and Gpg.

0.309V

= =5.94
Gpr1,3so o0may = o0 V/V] 6)
0.221V
Gpr,3sq = 0050V — 4.25 [V/V] (6)

Fig. 4a shows that the voltage gain has been reduced with
28.5% when parasitic capacitance are taken into account. Fig.
4b shows that the voltage over capacitor C; has been reduced
with 23.4%.

The output voltage for charge pump Py with Cpp = 1.3%
for R,, = 3.82, R,,, = 38Q and R,,, = 38012 is shown in
Fig. 5. These output voltages are used to calculate the voltage
gain for the respective switch on-resistance.

0.2363V
GpR3sa = 005V = 4.54 [V/V] (7
0.153V
= =294
G DR,3800 0052V 94 [V/V] (8)

The on-resistance of 3.8() results in an increase of the
voltage gain of 6.8% in comparison to the voltage gain with
an on-resistance of 38(). The on-resistance of 380¢2 results in
a decrease of the voltage gain of 30.8% in comparison to the
voltage gain with an on-resistance of 38(2

B. Simulations Series-Parallel Charge Pump With Passive
Mixer

The Series-Parallel charge pump with passive mixer circuit
in Fig. 3b has been simulated. The output and input voltage
of charge pump Py with R,, = 382 for Cpp = 0 and for
Cpp = 1.3% is shown in Fig. 4a and Fig. 4b. The gain for
when no parasitic capacitance are present is G'sy and the gain
for when parasitic are taken into account is Ggpg.

0.404V

ST

0.119V

= —= 1
0.052V (19)

Gsr 2.29 [V/V]

The voltage gain has decreased with 70.5% due to the
influence of the parasitic capacitance and the voltage over
capacitor C has decreased with 58.7%.

The output voltage for charge pump Py with Cpp = 1.3%
for R,, = 3.8Q, R,, = 38Q and R,,, = 38012 is shown in
Fig. 5. These output voltages are used to calculate the voltage
gain for the respective switch on-resistance.

Voutl]

—6-D —O-DwithC,,
045 |—_5—sp — 3 —SP with CPP
A F —/A —F with Cpp

0.5

o
'S
1

o
)
@

=
w

Voltage (V)
[=]
]
[}

=
b

015

01

0.05

0 0.2 0.4 0.6 0.8 1
Time (s) «10%°

(a) Vouto with Ry = 380, for Cpp =0 and Cpp = 1.3%.

Ve
0.08 . :
—6&—-D —-O-DwithC,
0077 _z sp —g-SPwithC,,
0.06 - —A—F —A-FwithC,
£)
__:::::__é;
Be-om -l
1
Time (s) «10%

(b) Vo1 with R,y = 38Q, for Cpp =0 and Cpp = 1.3%.

Fig. 4: Plot of the input (V1) and the output (Vo) for
Dickson (D), Series-Parallel (SP) and Fibonacci (F).



0.141v

GSR,B.SQ - m =271 [V/V] (11)
0.040V

Gspr,3s00 = 005V — 0.77 [V/V] (12)

The on-resistance of 3.8(2 results in an increase of the
voltage gain of 18.3% in comparison to the gain with an
on-resistance of 38(2. The on-resistance of 380€) results in
a decrease of the gain of 66.4% in comparison to the voltage
gain with an on-resistance of 382

C. Simulations Fibonacci Charge Pump With Passive Mixer

The Fibonacci charge pump with passive mixer circuit in
Fig. 3c has been simulated. The output and input voltage of
charge pump Py with R,, = 38 for Cpp = 0 and for
Cpp = 1.3% is shown in Fig. 4a and Fig. 4b. The voltage
gain for when no parasitic capacitance are present is Gy and
the gain for when parasitic are taken into account is Gpg.

0.204V

GFI - m =3.92 [V/V} (13)
0.144V

FR= (0507 = 2.77 [V/V] (14)

The voltage gain has decreased with 29.3% due to the
influence of the parasitic capacitance and the voltage over
capacitor C has decreased with 23.4%.

The output voltage for charge pump Py with Cpp = 1.3%
for R,, = 3.8Q, R,, = 38Q and R,,, = 38012 is shown in
Fig. 5. These output voltages are used to calculate the voltage
gain for the respective switch on-resistance.

0.156V
— = 3. 1
GrRr,3.80 0,052V 3.00 [V/V] (15)
0.089V
= =1.71 1
G FR,3800 0.052V 71 [V/V] (16)

The on-resistance of 3.8(2 results in an increase of the
voltage gain of 8.3% in comparison to the gain with an on-
resistance of 38¢). The on-resistance of 3802 results in a
decrease of the voltage gain of 38.3% in comparison to the
gain with an on-resistance of 38).

V. PERFORMANCE COMPARISON & DISCUSSION

This Section will compare and discuss the results presented
in Section IV.

The voltage gain that is achieved by performing simulations
show that the equations for the voltage gain of the charge
pumps in the analysis do not hold for the charge pumps with
passive mixer. In the analysis the amount of charge pump
stages have been selected so that the charge pumps all have a
voltage gain of 5 [V/V]. With an input voltage that is 2V the
voltage gain would be expected to be 10 [V/V]. A possible
reason that these equations do not hold could be that this
approximation is just not complex enough and therefore is
not relevant for this circuit.
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Fig. 5: Vw0 with Cpp = 1.3%, for Ry, = 3.892, R, = 380
and R,, = 38012 for Dickson (D), Series-Parallel (SP) and
Fibonacci (F).

In an ideal situation the Series-Parallel charge pump mixer
has the highest voltage gain Gsr 3go = 7.7 [V/V] of all three
configurations. However, when parasitic capacitance are taken
into account, the Series-Parallel charge pump mixer also has
the highest decrease in voltage gain of 70.5%. The voltage
gain of the Dickson charge pump has been reduced with
28.5% when parasitic capacitance are taken into account. This
difference is interesting, because the Dickson charge pump
mixer has the same amount of capacitors in its charge pump
but is not influenced as much by the parasitic capacitance.

The decrease in input voltage of the Series-Parallel charge
pump is 58.7% while the input voltage of the Dickson charge
pump has been reduced with 23.4%. This is most likely the
reason that the Series-Parallel charge pump voltage gain has
been reduced with a higher factor than the Dickson charge
pump voltage gain. The Series-Parallel charge pump thus
results in more signal degradation than the Dickson charge
pump. This can be explained by looking at the amount of
capacitors that are contributing to the unwanted low pass
filtering described in Section III. In the Series-Parallel charge
pump all capacitors are connected to capacitor C; while it is
connected to ground and therefore all parasitic capacitance
are contributing to the unwanted low pass filtering. In the
Dickson charge pump only halve of all capacitor are connected
to capacitor C'; while it is connected to ground so only halve of
them will contribute to the unwanted low pass filtering. The
Fibonacci charge pump has the same amount of capacitors
simultaneously connected to C; and therefore behaves similar
to the Dickson charge pump, which can be seen in Fig. 4.

The charge pump mixer that is most affected by the 10 times



increase in switch resistance of the charge pump is the Series-
Parallel charge pump mixer, with a decrease in voltage gain
of 66.4%. A possible reason could be that the Series-Parallel
charge pump mixer is highly influenced by the effect of the
parasitic capacitance and that an increase in switch resistance
creates an unwanted RC filter that has a big influence on
the output voltage. The voltage gain of the Dickson charge
pump has decreased with 30.8% and the voltage gain of
the Fibonacci charge pump has decreased with 38.3%. The
decrease is very similar for these charge pumps, which was
expected since the influenced of the parasitic capacitance is
also very similar for these charge pumps.

The Dickson charge pump has the highest output voltage
for all switch on-resistances that have been simulated while
taking the parasitic capacitance into account. Therefore for
these configurations the Dickson charge pump performs best
in comparison to the other charge pumps. However, since
the Fibonacci charge pump has the highest ideal voltage gain
for the least amount of stages needed, which is described in
Section II-C, and behaves similar to the Dickson charge pump.
The output voltage of the Fibonacci charge pump will most
likely exceed the output voltage of the Dickson charge pump
when more stages are added.

VI. CONCLUSION

In this paper, a comparison has been made between three
capacitive stacking technique’s in a bottom-plate N-Path mixer.
They are compared based on their voltage gain, taking into
account the parasitic capacitance and the switch on-resistance.
Three charge pump with passive mixer configurations have
been described which have been used for this comparison.
The simulation results showed that the output voltage of
the Dickson and the Fibonacci charge pump have similar
behaviour while taking parasitic capacitance into account. The
Series-Parallel charge pump did not follow this behaviour. The
presence of the parasitic capacitance resulted in a decrease in
the voltage gain for the Dickson, Fibonacci and Series-Parallel
charge pump respectively of 28.5%, 29.3% and 70.5%. A
possible reason for the decrease in voltage gain could be that
the parasitic capacitance in the charge pump contributes to
the unwanted low pass filtering in the mixer, which results in
signal degradation. The Series-Parallel charge pump showed a
significant lower voltage gain than the other two charge pumps,
because all parasitic capacitance are contributing to the mixer
parasitic capacitance. Whereas the Dickson and Fibonacci
charge pump only have halve of the parasitic capacitance
contributing to the parasitic capacitance in the mixer. A switch
on-resistance which is 0.1 R,y mizer results in a small increase
in the voltage gain. While a switch on-resistance which is
10Ron, mizer results in a voltage gain decrease of 30.8%,
38.3% and 66.4% for the Dickson, Fibonacci and the Series-
Parallel respectively.
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