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In this work, the design of a high-frequency AM demodulator in a printed complementary
organic technology is presented. The behaviour and the variability of printed circuits are
predicted by means of accurate transistor modelling, statistical characterization, and
Monte Carlo simulations. The effectiveness of the design approach is readily verified by
comparing measurements and simulations of simple digital blocks as well as two differen-
tial amplifiers. These amplifiers can be used as continuous-time comparators in the
demodulator. In addition, the possibility of high-frequency rectification using the printed
organic TFTs is shown by providing the experimental results of an envelope detector mea-
sured under different load and input conditions. All the measurements are performed in
air. Finally, the simulation of a complete AM demodulator system including the measured
blocks is demonstrated.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction circuit level, respectively. Such shortcomings, which are a
Organic electronics is a promising field for the imple-
mentation of novel large-area applications on flexible sub-
strates, including Radio Frequency Identification tags
(RFIDs) [1,2], smart surface sensors [3], and actuators [4].
However, the relatively high variability in the characteris-
tics of Organic Thin Film Transistors (OTFTs) makes it very
challenging to have a robust design [5,6]. The global and
local variations in the organic devices and the defects in
the process lead to soft faults (deviation from the desired
performance) and hard faults (failure to function) at the
consequence of the chosen low-temperature and low-cost
techniques, are seriously limiting the integration of organic
circuits. In the case of unipolar technologies, the lack of
n-type transistors further exacerbates the robustness issues.
Although dual-gate transistors have been demonstrated to
improve circuit robustness [7], the use of a complementary
technology along with a design approach able to take into
account the technology variability is the most promising
route to further improve the complexity of both analogue
and digital circuits [8,9].

The widespread use of organic electronics applications
for a substantial improvement in the quality of everyday
life could be fostered by the advancement of printing or-
ganic technology, due to its high throughput and poten-
tially low cost [10,11]. However, the above-mentioned
large variation of parameters in organic transistors be-
comes even more noticeable in printing technologies, due
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to the low degree of spatial correlation which is intrinsic in
printing processes. That is why circuits implemented based
on printed OTFTs [9–14] are mainly limited to digital elec-
tronics or large-area switch matrices.

Another important challenge for OTFTs is the high fre-
quency (HF) performance and rectification efficiency
needed by applications such as RFIDs. Indeed, working at
frequencies above a few megahertz is very challenging
for organic TFTs, since mobility typically does not exceed
0.5–1 cm2/V s [15,16]. Moreover, the typical high threshold
voltage of OTFTs greatly impacts the rectifier Power Con-
version Efficiency (PCE). State-of-the-art rectifying organic
diodes adopt either vertical Schottky diodes [17] or diode-
connected OTFTs [16]. The former provide the best perfor-
mance in terms of operating frequency thanks to the very
thin organic semiconductor layer. The latter are preferred
when the rectifying diode has to be embedded in a com-
plete RFID system, as it avoids specific technology steps
and reuses the OTFTs. However, in this case diode perfor-
mance is affected by the large channel length [16].

In this work, we present the design of a demodulator
for amplitude-modulated (AM) radio signals, which is
printed on a plastic substrate using a complementary or-
ganic technology. The circuit design and simulations are
based on accurate modelling of p-type and n-type TFTs.
Measurements of fundamental digital blocks such as
inverters and NAND gates verify the model, and Monte
Carlo (MC) simulations give an estimation of the effect
of the technology parameter spread on circuit perfor-
mance. The measured high frequency envelope detector
and continuous-time comparators can be directly com-
bined to make a demodulator operating at 13.56 MHz.
The simulations of the complete AM demodulator sys-
tem confirm its functionality and give suggestions for
further improvements in the circuit design as well as
in the OTFT modelling.
2. Modelling and simulations

2.1. OTFT model

The OTFTs are implemented in a top-gate bottom-con-
tact structure, using a polytriarylamine (PTAA) derivative
for p-type and an acene-based diimide for n-type semicon-
ductors. The typical mobility of n-type and p-type OTFTs is
0.023 cm2/V s and 0.025 cm2/V s, respectively. More details
on the process can be found in [13].

The proposed OTFT model considers the static behav-
iour, the parasitic capacitances, and the parametric vari-
ability due to the printed technology. A physically based
compact model [18] was used to fit the measured transfer
and output characteristics of both p-type and n-type stag-
gered transistors. The model takes into account the chan-
nel behaviour as well as the contact effects. According to
the electrical measurements of long channel transistors,
the drain current is a power law of the gate-source poten-
tial and the channel transport is modelled assuming an
exponential distribution of traps in the semiconductor.
Hence, when the transistor operates in accumulation (i.e.,
above threshold), the current expression reads [19,20].
ID ¼
W
L

Gt Vct
A � Vct

B

� �
1þ jVDS � Vcj

L� Ep

� �
þ VDS

Roff

� �
ð1Þ

where W and L are the channel width and length, respec-
tively, Gt is a pre-factor dependent on physical and geo-
metrical parameters (temperature, energetic disorder,
charge spatial localization, and gate-insulator capacitance),
ct is related to the disorder in the organic semiconductor,
Ep takes into account the channel length modulation, and
Roff considers the bulk current related to unintentional
doping in the organic semiconductor.

When the transistor works in the sub-threshold regime,
the measured drain current increases exponentially with
the gate voltage. Such a behaviour could be attributed to
deep trap states [21]. The above-threshold and the sub-
threshold regimes are combined according to the interpo-
lation function presented in [22]:

VA ¼ Vss ln 1þ exp
VGS � Vc � VT

Vss

� �� �
ð2Þ

VB ¼ Vss ln 1þ exp
VGS � VDS � VT

Vss

� �� �
ð3Þ

where VSS is the sub-threshold slope, VC is the voltage drop
at the source injecting contact, and VT, VGS, VDS are the
threshold voltage, the gate-source voltage, and the drain-
source voltage, respectively.

Electrical characteristics of p-type OTFTs with a channel
length ranging from 200 lm to 20 lm scale with the tran-
sistor channel length, and are accurately modelled with
Eqs. (1)–(3). This suggests that the channel transport is
the dominant physical mechanism. On the contrary, the
electrical characteristics of n-type OTFTs do not scale with
the transistor channel length. Indeed, the normalized drain
current of a transistor with L = 20 lm is lower than that of
a transistor with L = 200 lm. This experimental behaviour
suggests that contact effects [23,24] are limiting the cur-
rent. The contact resistance in these transistors is mainly
related to the limited injection at the source contact in-
duced by the presence of a reversed biased Schottky diode,
the conductivity of which is strongly modulated by the
gate bias. The current injected by the source contact as a
function of the gate and drain potentials is modelled as
in [25]:

Ic ¼WI0 exp 4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jVc þ Vcj

2V00

s !
1� exp � Vc

Vn

� �� �
ð4Þ

where I0 ¼ I00 1þ jVGS jþVGS
2

	 
cc	 

and V00, Vn, I00, and cc are

the contact parameters. The electrical characteristics of
n-type OTFTs are modelled as the series of an ‘‘ideal tran-
sistor’’ and a reverse biased Schottky diode. Therefore, p-
and n-type transistors have the same channel model, while
only for n-type transistor is the contact resistance also
needed.

Fig. 1(a) and (b) shows the measured (blue symbols) and
modelled (red lines) characteristics of n-type and p-type
transistors with dimensions (W/L) equal to 1000l/20l.
The transfer characteristics (left panels) are given for two
different VDS, 1 V and 40 V, and the output characteristics
(right panels) are shown for three different VGS, namely
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Fig. 1. Measured (blue symbols) and modelled (red line) transfer and output characteristics of (a) n-type and (b) p-type transistors (W/L = 1000l/20l) (For
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Fig. 2. Layout of a multi-finger transistor with 4 channels (n = 4). SD and
SC refer to source/drain and semiconductor, respectively.
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20 V, 30 V, and 40 V. In all the cases the model is in agree-
ment with the measurements. It is worth noting that the
n-type OFETs show lower saturation voltage than the p-
type ones, even if the threshold voltage parameter (see Ta-
ble 1) is nearly the same. This is due to the parasitic contact
resistance, which causes a voltage drop at the injecting con-
tact (source), thus reducing the overdrive voltage of the
OFET and lowering the saturation voltage.

To evaluate the total source-drain capacitance (Ctot) of
transistors with different channel lengths, a set of
capacitance measurements were also carried out on the
multi-finger OTFTs at different VGS biases. The layout of a
multi-finger transistor with four channels (n = 4) is shown
in Fig. 2, where L is the channel length, W is the total
channel width, and EG�SD is the overlap of gate layer on
source/drain fingers. Based on the measurements, the fol-
lowing empirical formula was used in the model to take
Table 1
The nominal value and standard deviation (r) of OTFT parameters.

Symbol Channel parameters Contact parameters

Gt (S/cm) ct Ep (V/lm) Roff (X) VT (V) Vss (V) V00 (V) Vn (V) I00 (A/lm) cc

N-type OTFT Nominal value 7.75e�13 3.39 0.1 2e15 5.4 1 35 2.86 64.17e�16 3.5
R 2.73e�13 0.5 – – 1.55 0.12 – – – –

P-type OTFT Nominal value 2.01e�11 2.01 10 5e14 3.69 1 – – – –
R 8.9e�12 0.1 – – 0.3 0.13 – – – –
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the effects of the transistors’ parasitic capacitance into ac-
count in dynamic simulations:

CtotðLÞ ¼ Ctotð0Þ þ CoxL½W þ 2ðn� 1ÞEG�SD� ð5Þ

where the first term, Ctot(0), is the overlap capacitance ob-
tained when L = 0 lm, while the second term is the contri-
bution of the channel to the capacitance. Since the
transistors have a multi-finger structure, the calculated
capacitance was divided between source and drain,
depending on the number of fingers at each side. It is
worth noting that this formula is valid only when the de-
vice is in the accumulation regime.

Because of the parametric variability in printed OTFTs,
statistical characterization is crucial for having a reliable
estimation of circuit functionality. That is why in this work,
in addition to the explained compact model, a statistical
model is employed. The variability of four transistor chan-
nel parameters, namely Gt, ct, VT, and Vss, were extracted
from a set of measured devices. These parameters corre-
spond to the transistor’s electrical characteristics including
mobility, threshold voltage, and sub-threshold slope. The
obtained data are used to run Monte Carlo (MC) simula-
tions based on uncorrelated Gaussian parameter varia-
tions, within the limits derived from the OTFT
measurements. The results of nominal and statistical sim-
ulations of the circuits based on this model are presented
in the following sections. Table 1 gives the nominal value
of the model parameters and their standard deviation (r).
(b)
Fig. 3. Measurements vs. simulations of digital building blocks (a)
inverter at Vdd = 20 and 40 V (Wp/Wn = 1); (b) NAND gate at
VA = Vdd = 40 V.
2.2. Circuit simulation

To validate the reliability of the model, measurements
of two logic gates are compared with their nominal simu-
lations in Fig. 3. These digital building blocks, namely an
inverter and a NAND gate, are the components needed to
realize any combinatorial and sequential logic circuit in
relevant applications such as RFID tags. The inverter was
measured at two different supply voltages, Vdd = 20 V and
40 V (Fig. 3(a)). The nominal trip point voltage (Vtrip) of
the inverter with equal width for p-type and n-type tran-
sistors is 11 V at Vdd = 20 V and 19.3 V at Vdd = 40 V, which
guarantees a good static noise margin. The NAND was
measured at Vdd = 40 V with one input (in Fig. 3(b), A) set
at 40 V and the other (B) swept from 0 V to 40 V. In both
inverter and NAND gate, there is a good agreement be-
tween simulated and measured performance of the
circuits.

MC simulations using the statistical parameters in
Table 1 were performed to study the effect of transistor
parametric variability on printed organic circuits. Fig. 4(a)
presents the results of 100 iterations of an MC simulation
for the inverter, including the transfer characteristics and
the histogram of Vtrip. This shows that despite all the varia-
tions caused by the reduced control over the printing pro-
cess, the inverter is functional in all the cases and its
transfer characteristics are centred at Vdd/2, leading to a
high noise margin. Fig. 4(b) depicts the results of a similar
simulation for another version of the printed technology
that aims at a better performance [26–28] at the expense
of higher variation risk.
The measurements and simulations illustrated in this
section show that the model can well predict the behav-
iour of the circuits, and the slight difference between mea-
surements and simulations can be explained by process
tolerances. Therefore, it can be concluded that the physi-
cally based model for organic transistors incorporating
the parameter variations can provide a reliable prediction
of the behaviour of circuits manufactured in this comple-
mentary organic technology.
3. AM demodulator design

Demodulation is an enabling function in potential or-
ganic electronic applications such as RFID tags based on
the standard ‘‘reader talks first’’ concept, where the RFID
tags must have the capability to receive habilitation mes-
sages coming from the interrogator. The main building
blocks of an AM demodulator, as shown in Fig. 5, are an
HF envelope detector and a voltage comparator. The enve-
lope detector extracts the low-frequency envelope from
the high-frequency carrier, and the comparator converts
the envelope signal in a full-swing output data stream,
providing the demodulated signal.

In this section, two differential amplifiers that can be
used as comparators for the AM demodulator circuit are
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Fig. 5. Building blocks of a demodulator to recover an AM-modulated data.
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presented. In addition, different measurements of an enve-
lope detector employing a diode-connected OTFT as the
rectifying device are demonstrated in order to show the
feasibility of HF rectification using our printed OTFTs. Fi-
nally, the simulation of an AM modulator formed by com-
bining these measured blocks is illustrated. Fig. 6 shows
the picture of a foil containing all the implemented blocks.
Fig. 6. Picture of a foil with different analogue and digital building blocks.
3.1. Comparators

A simple differential amplifier with a current-mirror ac-
tive load that can be used as a 1-stage comparator is shown
in Fig. 7(a). The circuit was designed and measured by pro-
viding an external bias current of 0.3 lA. One of the inputs
(Vin+) was set at a specific voltage and the other input (Vin�)
was swept back and forth from 0 to 40 V. Fig. 7(b) shows
the simulated and measured output for different values
of Vin+, namely 15 V, 20 V, and 25 V. The amplifier shows
a relatively good match between the transistors (little off-
set), although it has a hysteresis of about 1 V, due to insta-
bility of the OTFTs under bias. The simulated and measured
amplifier gains for Vin+ of 20 V are about 26 dB and 29 dB,
respectively.

The two-stage architecture depicted in Fig. 8(a) can be
used to achieve higher gain. The static and dynamic
behaviours of the comparator were measured at 40 V
supply voltage, 30 V common-mode voltage, and 0.15 lA
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bias current. Fig. 8(b) shows the static measurements
while the negative input (Vin�) was set at 30 V and the po-
sitive input (Vin+) was swept. A gain of 40 dB was achieved,
which is 18 dB higher than the printed operational ampli-
fier shown in [14], and 1 dB lower than the simulated gain
(dashed line). The measured input offset in this case is 2 V.
For dynamic measurements shown in Fig. 8(c), Vin�was set
to 30 V and a 1 Hz pulse signal was applied to Vin+. The to-
tal load capacitance at the output node due to the mea-
surement instruments was 37 pF.

3.2. Envelope detector

An envelope detector can be implemented with a recti-
fying device and an RC series load that is chosen according
to the envelope frequency to provide a first-order low-pass
filtering in the voltage domain. To investigate experimen-
tally the HF performance of a rectifying device in our
printed organic technology, we measured a diode-con-
nected OTFT with an external load under different input
and load conditions. A p-type transistor is preferred due
to its better mobility. A minimum transistor length of
10 lm is used for better frequency behaviour, and the tran-
sistor width is fixed at 36,000 lm.

The adopted measurement setup for the rectifier char-
acterization is shown in Fig. 9. Measurements were carried
out on foil by means of a Cascade Summit 12,000 prober.
The rectifier was tested in air at ambient temperature.
The output voltage was measured by means of a semicon-
ductor parameter analyser. The proposed setup was pre-
ferred to a resistive load configuration since it allows
characterization for different input signal amplitudes at a
constant load current (IL). The rectifier performance was
also explored at different input frequencies. A discrete CL

of 100 nF was used.
Fig. 10 shows the measured output voltage of the recti-

fier at different frequencies (100 Hz–13.56 MHz) and load
currents (0–100 nA). In all the figures, the absolute value
of the rectifier output voltage is shown. It is apparent
how the rectifier performance degrades by increasing the
frequency, regardless of the load current. A corner fre-
quency of around 10 kHz can be estimated, above which
a significant drop of the rectified voltage is experienced.
A constant gate-source capacitance based on Eq. (5) and
equal to 38 pF for the OTFT used in the rectifier was in-
cluded in the model for the simulation. As illustrated in
the figure, the low-frequency performance is well esti-
mated by simulations, while the performance degradation
at higher frequencies is still not predicted well by the mod-
el. The discrepancy between measurements and simula-
tions at high frequencies could be attributed to a
lowering of the effective mobility, due to a less efficient
hopping transport when the time of flight in the OTFT
channel is reduced.

To further evaluate the rectifier’s performance at
13.56 MHz, we measured the output voltage for three dif-
ferent values of load current (IL = 0 A, 10 nA, 100 nA) as de-
picted in Fig. 11. The rectified voltage drops by 10% and
18% when measured at 10 nA and 100 nA load currents,
respectively. These results are obviously dependent on
the transistor width. For both measurements of Figs. 10
and 11 the input signal has an average value VM = �25 V,
and a peak-to-peak value VPP = 30 V. The characteristics
of the rectifier are further explored in Fig. 12 which shows
the rectifier output voltage for two different VPP (15 V and
30 V) under an open-circuit condition (IL = 0 A). The larger
drop observed for increasing frequency when using the
higher VPP (30 V) may indicate that the low-frequency per-
formance of the rectifier is limited by the OTFT threshold
voltage. On the other hand, the similar output voltage at
high frequency is compatible with a mobility-limited per-
formance at HF.

Finally, the robustness and reliability of the adopted or-
ganic p-type TFT as rectifier was evaluated by comparing
the DC characteristics before and after the large-signal AC
measurements. Fig. 13 shows no appreciable degradation
of the OTFT.

3.3. Simulation and discussion

A simulation was performed in order to study the func-
tionality of the measured envelope detector and compara-
tor when combined to form the AM demodulator of Fig. 5.
This architecture uses an analogue amplifier to extract the
data from an AM signal with reduced modulation depth,
compared to [29], which employs a cascade of inverters
and needs a modulation index close to 100%. The simula-
tion results are shown in Fig. 14, where an 80-Vpp signal
is applied to the input. A data rate of 10 Hz was chosen,
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which is reasonable based on comparator measurements.
The carrier frequency for simulation was set to 10 kHz,
since it is the highest frequency at which the simulation
and measurements of the envelope detector are in close
agreement. At this frequency, a modulation index of 30%
is large enough to surpass the offset of the comparator
and achieve correct functionality. The lowest graph of
Fig. 14 shows the outputs of both 1-stage and 2-stage com-
parators under this modulation depth. At the high frequen-
cies needed for practical applications, the performance of
the envelope detector degrades and an increase of the
modulation index would be required. To avoid the need
to increase the modulation index, which is inconvenient
from the point of view of the reading distance and requires
large DC storage capacitors on the tag, it is necessary to
improve the circuit performance. From the technology per-
spective, this can be done by increasing the OTFT mobility
and lowering its threshold. From the circuit perspective,
the negative effect of the threshold voltage on the envelope
detector can be reduced using rectification schemes
including threshold cancellation. The offset in the compar-
ator can be also reduced for example using auto-zeroing
techniques. To further study the performance of the cir-
cuits for practical applications at HF, a model that takes
into account the effects of charge transport characteristics
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on high-frequency performance of OTFTs needs to be
developed.

4. Conclusion

In this work we present a design flow for a printed com-
plementary organic technology that we used to design an
AM demodulator, a bottle-neck block in RFID tags and sim-
ilar applications. The availability of well-modelled ana-
logue and digital circuits along with high-frequency
rectification in a potentially low-cost technology allow us
to advance towards implementation of HF RFID applica-
tions in organic electronics. However, further work is
needed to fully meet the complexity and performance
which are required by such applications. Circuit techniques
can be employed to improve the overall performance of the
demodulator. In addition, a high-frequency model is
needed to further facilitate the analysis and design phase.
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