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remotely powered sensor systems had been introduced as
exempliﬁed in Fig. 1. O’Driscoll et. al [1] demonstrated a
tunable matching network for improving the efﬁciency of
the power link with switched-capacitor banks involving a
continuous correction algorithm. However, the quantitative
analysis on the matching network is not provided in
detail. Bakhtiar et al. [2] proposed a matching network
with capacitor bank where capacitors are implemented
with MOS capacitors. However, the non-linearity of the
MOS capacitance is not taken into account where the
input voltage swing across the rectiﬁer might not be large
enough to facilitate minimum overdrive voltage for linear
operation.

Abstract— Process and temperature independent RF frontend design is important for remotely powered RFID tags and
wireless sensor systems. Run-to-run process variations can
impact the remote powering performance and therefore read
range of aforementioned systems. We introduce analysis and
propose a design methodology for high-Q switched capacitor
matching network for remote powering. The method is
demonstrated with a differential drive rectiﬁer topology with
-14 dBm of input power at 900 MHz UHF band. Simulation
results show the improvement on delivered power up to 42%
and extension of the read range of the sensor system up to
19% with utilization of the proposed work.

I. I NTRODUCTION
Radio Frequency Identiﬁcation (RFID) systems are
widely used to track, count and monitor the status of
various products in supply chains. Mass production of
RFID tags enable to utilize such systems at very low cost.
Similarly, wireless sensor systems can be used to monitor environmental activity, such as temperature, speciﬁc
gaseous materials, etc., as well as in medical applications
for remote patient monitoring. Passive sensor systems can
operate without a battery, meaning that they are remotely
powered by their reader, or namely base station, for the
necessary amount of energy required.
Far-ﬁeld passive sensor systems in UHF and microwave
frequencies allow long distance operation up to a few
meters. This makes them favorable for detecting high
quantity of tags with respect to magnetic coupling based
near-ﬁeld sensor systems, which can operate up to a few
centimeters distance.
Performance of far-ﬁeld sensor systems is based on
their read range, which indicates the distance between the
tag and the base station. The read range of a passive
far-ﬁeld wireless sensor system is highly linked to the
impedance matching between the antenna and the rectiﬁer
of the integrated system, in other words the total amount
of received power. Process variations of integrated circuit
technology lead to inevitable mismatch factor between the
antenna and the rectiﬁer used for remote powering. This in
result, impacts the operation range and overall performance
of the deployed tags or sensor systems.
In order to avoid read range degradation due to process originated mismatch, adaptive matching schemes for
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Fig. 1. Impedance tuning scheme with parallel programmable
tuning capacitor bank with N-Bits.

In this work, we demonstrate the quantitative inﬂuence of switched-capacitor banks on enhancing the power
transfer while taking the losses of the matching network
into account. We demonstrate a design methodology with
a three stage differential rectiﬁer where the power conversion efﬁciency is high thanks to the differential drive
inputs. The design guideline demonstrates its efﬁcacy on
the impedance matching while process and temperature
variations are in effect.
II. I MPEDANCE M ATCHING AND R EAD R ANGE
The read range of a remotely powered wireless sensor
system is determined by the minimum input power, namely
the sensitivity denoted by 𝑃𝑀 𝐼𝑁 . The read range 𝑟 of a
far-ﬁeld remotely powered system can be calculated by
[3],
√
𝑃𝐸𝐼𝑅𝑃 ⋅ 𝐺𝑅𝑋 ⋅ 𝜏
𝜆
(1)
𝑟=
4𝜋
𝑃𝑀 𝐼𝑁

10

WiSNet 2013

0

where 𝑃𝐸𝐼𝑅𝑃 is the effective isotropic radiated power
from the reader, 𝜆 is the wavelength of the electromagnetic
wave, 𝐺𝑅𝑋 is the gain of the receiver antenna and 𝜏 is
the power transmission coefﬁcient between the receiving
antenna and rectiﬁer. The power transmission coefﬁcient
between the antenna and rectiﬁer 𝜏 can be written as [4],


∗ 2
 𝑍𝐶 − 𝑍𝐴
2


𝜏 = 1 − ∣𝑆11 ∣ = 1 − 
(2)
𝑍𝐶 + 𝑍𝐴 
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where ∣𝑆11 ∣2 is power reﬂection coefﬁcient, 𝑍𝐴 and 𝑍𝐶 are
antenna and chip impedance in the form of 𝑍 = 𝑅 ± 𝑗𝑋.
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Return loss between the antenna and the rectiﬁer.

IV. S WITCHED -C APACITOR U NIT E LEMENT FOR
T UNABLE M ATCHING N ETWORK

The differential rectiﬁer in Fig. 2 is used for RF to DC
energy conversion with high efﬁciency [5]. The rectiﬁer
is driven with constant power source which mimics the
antenna with a complex impedance of 𝑍𝐴 and an available
power of 𝑃𝐴𝑉 =-14 dBm or 39.8 𝜇W. A nominal load of
180 kΩ and a storage capacitor of 1.2 nF are connected to
the output of the rectiﬁer. The rectiﬁer is designed and simulated at transistor level in 0.18𝜇𝑚 CMOS process. NMOS
transistors are sized to 16/0.18𝜇𝑚 and PMOS transistors
are 32/0.18𝜇𝑚 while MIM capacitor 𝐶𝐶 is 1 pF. The
rectiﬁer exhibits 58% of power conversion efﬁciency in
nominal conditions with almost-ideal impedance matching
with the antenna where 𝑆11 < −20 dB.

In order to match the antenna and rectiﬁer along with
variations within the deﬁned corners, the tuning scheme
introduced in Fig. 1 is utilized with switched-capacitor
bank. Note that the differential rectiﬁer topology requires
a symmetric tuning element. Therefore, the single-ended
unit element shown in Fig. 4 is mirrored with respect to
ground for differential operation.
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Fig. 4. Switched-capacitor unit element used in the tunable
matching network.
Fig. 2. Three-stage high efﬁciency differential-drive rectiﬁer[2].

The quality factor (Q) and tuning range (T) of tuning
element are the most critical parameters on the design of
the matching network. Analysis on switched-capacitors is
well explained focusing on the trade-off between the tuning
range and quality factor [7]. Fig. 5 demonstrates variation
of Q and T of an example unit element with respect to
the transistor width (W) connected in series. As transistor
width (W) gets larger, its channel resistance reduces thus
improves the quality factor of the unit element. On the
other hand, wider transistor has bigger drain junction
capacitance that reduces the tuning range of the unit
element therefore limits the range of reactive matching.

Next we analyze the impact of the process and temperature variations on rectiﬁer input impedance. Based
on the simulations, the two extreme process corner cases
affecting the input impedance the rectiﬁer is identiﬁed
as SLOW (mos=ss, mimcaps=min, T=-40∘ C) and FAST
(mos=ff, mimcaps=max, T=80∘ C) while typical operating condition is denoted as TYP (mos=tt, mimcaps=typ,
T=27∘ C). Simulations demonstrate that total variation of
∓11.4% of the input reactance 𝑋𝐶 of the rectiﬁer from
its nominal value is composed of 9.6% by the process
variation and 1.8% by temperature variation. Fig. 3 depicts
the return loss between the rectiﬁer and the antenna, which
utilizes inductively coupled feed [6], operating at 900
MHz. It is seen that the resulting reﬂection coefﬁcient for
the two corner cases SLOW and FAST are -7.6 dB and -4.9
dB thus the power absorbed by the rectiﬁer with respect
to the nominal condition is decreased by 17% and 32%
respectively.

V. T UNABLE M ATCHING N ETWORK D ESIGN AND
S IMULATED M ATCHING P ERFORMANCE
We have designed a matching network to compensate for
the process and temperature variations on the rectiﬁer. In
order to choose correct dimensions for the unit element
as well as the complete matching network; the corner
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Fig. 6. Return loss between the antenna and the rectiﬁer after
implementation of the tunable matching network.

Fig. 5. Dependency of tuning range and quality factor of the
capacitor to transistor width.

power delivered to rectiﬁer for SLOW corner becomes 37.5
𝜇W for FAST corner 38.3 𝜇W increasing the net delivered
power to rectiﬁer by 14% and 42% respectively. This in
result, provide an increase in read range by 7% for SLOW
corner and 19% in FAST corner according to (1) when
compared to untuned matching results.

conditions and certain design issues has to be addressed.
Those can be summarized as; a) The matching network
should cover full range of variations while considering
the variations on the matching network itself. b) The
capacitance dimension of the unit element has to be chosen
such that it is not dominated by the parasitic capacitance
of metal interconnect routes, therefore avoiding reduced
tuning range. Those two aforementioned factors determine
the capacitance of the unit element and the total number
of unit elements in the matching network. Based on the
simulation results we have determined the unit capacitance
as 𝐶𝑈 =14 fF, switch transistor with W=14 𝜇m and L=0.18
𝜇m. The capacitor bank of the matching network is composed of 5-bit binary weighted unit elements having total
number elements of 31. Tuning range and quality factor
for the chosen capacitor and transistor is simulated at 900
MHz. The resulting tuning range of the unit element is 1.8
and the quality factor is 330.
The rectiﬁer and the antenna is simulated with the
designed matching network placed in between them. Fig.
6 depicts the return loss between the rectiﬁer and the
antenna in three cases. While the nominal process TYP
performance remains the same at -22 dB, the return loss
for SLOW and FAST corners become -17.7 dB and -16.2
dB respectively. Also, the corresponding absorbed power
become 39.3 𝜇W and 39.1 𝜇W for the two respective
corners.
The power efﬁciency of rectiﬁer with tunable matching
method must account the losses in the matching network
caused by a ﬁnite Q of the switched-capacitor bank and
power required by the state-machine which continuously
tracks and tunes the matching network. The power loss in
the matching network for nominal corner is 780 nW when
half of the unit elements are active. For SLOW corner
where all 31 unit elements are active, the total power lost
is 1.3 𝜇W. For FAST corner the power lost reduces to
330 nW when six unit elements out of 31 is active. By
estimating a power consumption of 0.5 𝜇W for digital
control, which is not implemented in this work, the net

VI. C ONCLUSION
In this work we demonstrated a design methodology
for switched-capacitor tunable matching networks against
process variations of the integrated circuit technology as
well as temperature variations. The net delivered power to
rectiﬁer is improved up to 42% and read range is improved
up to 19%. It is shown that the power lost in tuning
elements and estimated overhead power consumption for
control circuitry justify implementation of such an adaptive
matching system for remotely powered applications.
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