
�Abstract—A three output microelectronic circuit functionally 
equivalent to a hydrogen bonding network is modeled. Proton 
transfer characteristics of each hydrogen bond of the network 
are emulated by block-elements in the microelectronic circuit 
with their respective I-V characteristics. These characteristics 
are coded in Matlab where the dynamic and static analyses are 
carried out. The results imply that in static mode the functionally 
analogous circuit operates as a current source or an amplifier. In 
dynamic mode the circuit behaves as a voltage driven triangular 
pulse signal source. The simulations show that the generated 
pulses at the three circuit outputs have different frequency, 
amplitude, and width. 
 

Index Terms—hydrogen bonding network, proton transfer, 
microelectronic circuit. 

I. INTRODUCTION 
HE application2 of molecular interactions such as 
hydrogen bonding for design of molecular self-assemble 

systems in micro- and nanoelectronics, including liquid 
crystals [1], molecular solids [2], polymeric assemblies [3] has 
attracted the attention of scientists long time ago. For 
example, linear porhyrine layers are self-organized through 
hydrogen bonding coordinated the self-organization of the 
lipid bi-layer membranes. The electron acceptor is placed on 
one side of the membrane and the electron donor is placed on 
the other side. Photo-current arises when the sample is 
irradiated by white light. The photo-current can be observed 
only between ordered structures and it cannot be observed 
between separate molecules. In this way, a photonic electron 
conductor from simple molecule components can be 
constructed. On the other hand, the development of such new 
systems is increasing because the hydrogen bonding in 
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anisotropic molecular self-assembled structures can form 
bridges between synthetic materials and/or bio-functional 
systems. In the biofunctional nature systems, e.g. proteins, the 
hydrogen bonding is crucial for molecule recognition, 
molecule stabilization, dynamic reversibility [4], etc. Proton 
transfer proteins such as Bacteriorhodopsin (bR), which 
transfers proton current via its own hydrogen bonding 
network (HBN), might be used for interesting applications in 
microelectronics. Its proton current versus voltage 
characteristic is similar to the output characteristic of a 
microelectronic circuit (differential amplifier) [5]. 

Similarly to Bacteriorhodopsin we are investigating the 
possibility for information transfer via branched HBN of  
�-lactamase protein. 

II. MODEL AND EQUATION 
The object of the present investigation is a microelectronic 

circuit similar to �-lactamase branched HBN [6]. The proton 
transfer parameters of each hydrogen bond are also 
investigated in [6]. These parameters are the basis of the 
presented microelectronic simulations in this paper. Here the 
K-El.pot characteristics of the network (K – proton transfer 
parameter and El.pot – electrostatic potential) are interpreted 
as I-V characteristics where the proton transfer parameter is 
regarded as the electrical current. 

The probability for proton transfer from the donor to 
acceptor is proportional to the value of the K parameter. The 
proton current between donor and acceptor of each hydrogen 
bond depends on the K parameter as well. Some authors [7] 
consider the K parameter to be equivalent to the proton 
current. 

We calculate the proton transfer parameter (K) using the 
following equations: 
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where: K – proton transfer parameter, kB – Boltzmann 
constant, Eb – energy barrier, h – Planck constant, � – 
frequency, T – temperature [K].  
 

The energy barrier is calculated by: 
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The branched hydrogen bonding network is represented in 
Fig. 1 and its functionally analogous electric circuit is shown 
in Fig. 4.  

 

 
The K-V characteristic of each bond is given in Fig. 2 and 

Fig. 3. It can be observed that the K-V characteristics are non-
linear. This allows for the hydrogen bonds to process the 
signals similarly to the semiconductor devices. On this basis 
we can construct three- and four-terminal microelectronic 
block elements that emulate the operation of the hydrogen 
bonds.  

 

 
 
The block elements are based on heavy atoms that are part 

of the hydrogen bonding network. Each heavy atom 
simultaneously appears as donor and acceptor in the hydrogen 
bonding network. In this reason the input of each block 
element corresponds to the acceptor part of the heavy atom 
and its output corresponds to the donor part of the heavy atom. 

 
 
The equivalent circuit composed of these microelectronic 

block-elements is given in Fig. 4 where each block-element 
corresponds to a heavy atom in the hydrogen bonding 
network. The arginine residue R164 is depicted as the four 
terminal block-element T1. Since it is strong proton donor in 
the network of hydrogen bonds, in the analogous electric 
circuit it is represented as voltage-driven current source (with 
three outputs). Output currents and voltages of T1 are 
different and they are driven by the input voltage. The second 
block-element T2 is analogous to aspartic acid residue D179, 
which is strong proton acceptor. In the electric circuit the 
block-element T2 is the first output. 

Block-elements T4 and T5 are analogous to the input 
molecule w295 and aspartic acid residue D176 of Fig. 1. They 
are shown as three-terminal block-elements. Input and output 
voltages of each of the T4 and T5 block-element are equal and 
their input but output currents are different. On the other hand 
T5 is the second circuit output. 

The block-element T7 of the circuit is analogous to the 
strong proton acceptor of HBN E171. It forms two hydrogen 
bonds with its oxygen OE1 and OE2 atoms: at one of its sides 
is R164 NH1…(OE1)171E and at the other side is w859 
OH…(OE2)171E. The potential on OE2 atom as well as 
proton current between w859OH and (OE2)171E both depend 
on the potential of OE1 because of cooperative effect. 
Consequently, the output current I7 and voltage U7 of the 
analogous block-element T7 depend on the input voltage U71. 
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Fig. 3. K-V characteristics of hydrogen bonds: OD2 is oxygen atom of 
Aspartic acid residue D176, NH1 is nitrogen of Arginine residue R164, OE1 
is oxygen atom of Glutamic acid residue E171, and OH is oxygen atom of
water molecules w295, w753, w859. 
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Fig. 2. K-V characteristics of hydrogen bonds: OD2 is oxygen atom of
Aspartic acid residue D179, NH2 and NE are nitrogen of Arginine residue
R164, OE2 is oxygen atom of Glutamic acid residue E171, and OH is oxygen
atom of water molecules w295, w859. 

Fig. 1. Magnetization as a function of applied field. Note that “Fig.” is
abbreviated. There is a period after the figure number, followed by two
spaces. It is good practice to explain the significance of the figure in the
caption. 
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The block-element T8 appears to be the last output of the 

circuit that is analogous to w859 of the HBN. We have to 
point out that the next water molecule of the HBN, w753, is 
taken into account but it is not shown in the electrical circuit 
because the input current to w753 remains the same regardless 
of how many water molecules are bound after it (under the 
assumptions of macroscopic model). In this reason we 
included only block-element T8. Similarly to the other water 
molecule w295 it is described with three-terminal block-element 
with identical input and output voltages and different currents. 

The relations between currents and voltages of the block-
elements in the microelectronic circuit are given by 
polynomials. 

Equation (4) below describes the first output of T1: 

 U1 � [-1.3:3.2] step 0.1 (3) 

 I1 = -5.10–5 (U1)3 – 8.10–5 (U1)2 – 2.10–5 (U1) + 0.0071 (4) 

Next are the equations of T2 

 U2 = 0.9994 (U1) – 0.3421 (5) 

 I2 = I1 (6) 

The equation of the second output of T1: 

 U3 = 1.0066 (U1) – 0.0967 (7) 

 I3 = 0.0005 (U3)3 – 0.0006 (U3)2 – 0.0006 (U3) + 0.028 (8) 

Equations for T4 

 U4 = 0.9802 (U3) + 0.4294 (9) 

I4 = –0.1922 (U4)3 + 0.2821 (U4)2 + 0.0044 (U4) + 16.922 (10) 

Equations for T5 which is the second output of the circuit 

 U5 = 0.9374 (U4) + 1.4074 (11) 

 I5 = I4 (12) 

Equations of the third output of T1 

 U6 = 1.0193 (U1) + 0.3216 (13) 

 I6 = –0.0072(U6)3 + 0.0069 (U6)2 – 0.03 (U6) + 1.2646 (14) 

Equations of block-element T7 

 U71 = 1.0387 (U6) – 0.5498 (15) 

 U7 = 0.9705 (U71) – 0.5167 (16) 

 I7 = 0.0591 (U7)3 + 0.0162 (U7)2 – 0.6792 (U7) + 4.5597 (17) 

Equations of T8 that is the third output of the electrical 
circuit 

 U8 = –0.0437 (U7)2 + 1.0318 (U7) + 0.4173 (18) 

 I8 = 0.0041 (U8)4 – 0.0456 (U8)3 + 0.0772 (U8)2 +  
 0.234 (U8) + 1.8401 (19) 

 

 
These equations are coded in Matlab where the static and 

dynamic analyses of the microelectronic circuit are performed 
[8]. Sample Matlab code is given in Fig. 5. 

III. STATIC ANALYSIS 
The static analysis is performed by feeding input voltage 

Uin between –1.3 and +3.2 [V]. Subsequently, a comparison 
between I-V characteristics of each block-element and the 
proton transfer characteristics of the respective hydrogen bond 
from paper [6] is carried out. Sample results of the 
juxtaposition are depicted on Fig. 6 and 10; for the other 
block-elements the results are similar and they are not shown 
on the figures. As it can be seen, the polynomials well 
describe the hydrogen bond functions. The maximal standard 
deviation from all simulations versus data set is ± 4.33 %. The 
model is in good agreement with the experimental data for 
hydrogen bonds because standard deviation of the 
measurements is in the range of 4% to 12%. 

plot(U7,U8,'linewidth',2); 
grid on 
set(gca,'fontweight','b','fontsize',14)  
title('T8'); 
xlabel('U7 [V]'); 
ylabel('U8 [V]'); 
% legend('simulation','data'); 
set(legend('\bf simulation', 
 '\bf data',1),'fontsize',12); 
pause; 
 
% I8=f(U8) inp1 
I8 = 0.0041*U8.^4 -0.0456*U8.^3 +0.0772*U8.^2

+0.234*U8 +1.8401; 
 
load('fig7_1btl_w753.dat'); 
U8exp = fig7_1btl_w753(:,1); 
I8exp = fig7_1btl_w753(:,2); 
 
plot(U8,I8,U8exp,I8exp,'ro','linewidth',2); 
grid on 
set(gca,'fontweight','b','fontsize',14)  
title('T8'); 
xlabel('Uout3 [V]'); 
ylabel('Iout3 [pA]'); 
% legend('simulation','data'); 
 
set(legend('\bf simulation', 
 '\bf data',1),'fontsize',12); 
pause; 

Fig. 5. An excerpt of the Matlab code for simulation of the equivalent circuit
behavior. 

Fig. 4. Magnetization as a function of applied field. Note that “Fig.” is
abbreviated. There is a period after the figure number, followed by two spaces.
It is good practice to explain the significance of the figure in the caption. 
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Still, the simulations show that all output voltages are 

proportional to the input voltage (Fig. 7). Uout1 and Uout3 
are almost equal and Uout2 is shifted up. When Uin is varied 
between –1.3 and +3.2 [V] then Uout1 and Uout3 are 
changing in interval –1.5 ÷ +3.2 [V], and Uout2 is increasing 
from 0.5 to 4.5 [V]. 

In contrast to the voltages, the currents are always positives. 
The currents of the different outputs are changing in different 
intervals from 10–3 to 101 [pA]. The I-V characteristics of 
output 1 and output 2 have similar forms (Figs. 8 and 9) but 
they are shifted to one another. For output 1: when Uout1 is in 
the interval between –1.5 and 0 [V] Iout1 is constant. 

Consequently, this circuit can be used as current source. 
When Uout1 is varying between 0 and +3 [V] the current is 
decreasing, i.e. this output is similar to the output of an 
amplifier. By analogy such conclusions can be made also for 
output 2: the circuit operates as current source at Uout2 = +0.5 
to +2.5 [V] because the Iout2 current is stable. When Uout2 is 
between +2.5 to +4.5 [V], the output of the circuit is again 
similar to an amplifier output. 

 

 

 
 
 

 
 
 

 
Fig. 10.  Third output characteristics: Iout3 vs. Uout3. 

Fig. 9.  Second output characteristics: Iout2 vs. Uout2. 

Fig. 8.  First output characteristics: Iout1 vs. Uout1. 

Fig. 7.  Outputs voltages  versus input voltage. 
  

Fig. 6.  Simulation versus data set of T1 block-element. 
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IV. DYNAMIC ANALYSIS 
The dynamic analysis is done by transient simulations in the 

range 0 ÷ 10–10 [s] because in nature objects proton transfers 
durations are in these time intervals. Subsequently the 
analogous microelectronic circuit should operate at much 
higher frequencies — ca. 10 [GHz]. The circuit is tested with 
sine input voltages with different amplitudes and frequencies. 
At Uin = 1.5×sin(t×5×1011) the outputs have characteristics 
(not shown in the paper) and the circuit operates as signal 
modulator producing signals with different amplitude and form. 

At Uin = –1 + sin(t×1.5×1011) stable circuit operation is 
observed (Fig. 11): at the three outputs triangular pulses are 
generated (Figs. 12, 13, 14). 

Figures show that the pulses are with equal frequency, 
phase, and positive amplitude. The three pulses are with 
different amplitudes and the width of the pulses at the first 
output is less than the width of the pulses at outputs 2 and 3. 
On the other hand we can control the period of the output 
pulses by changing the period of the input voltage. For 
instance, on Fig. 15 is given characteristic of Iout2 versus time 
that is obtained at Uin = –1 + sin(t×5×1011), analogous to the 
characteristics obtained at the other outputs. By comparing 
Figs. 13 and 15 it can be seen that the triangular pulses of Fig. 
15 are with larger frequency. Similar result is observed for the 
other outputs and thence they are not shown. 

 

 
 

 
 

 
 
 
 

 
 
 
 

 
 
Finally, the microelectronic circuit that is analogous to 

network of hydrogen bonds can operate as frequency driven 
source of triangular pulses. The three outputs generate pulses 
with different amplitude and width. 

 
 
Fig. 15.  Iout2 vs. time at Uin = –1 + sin(t×5×1011). 

 

Fig. 14.  Iout3 vs. time at Uin = –1 + sin(t×1.5×1011). 

 

Fig. 13.  Iout2 vs. time at Uin = –1 + sin(t×1.5×1011). 

 
Fig. 12.  Iout vs. time at Uin = –1 + sin(t×1.5×1011). 

 
Fig. 11.  Uin versus time. 
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V. CONCLUSION 
The hydrogen bonding network model proved that such 

biofunctional system has real microelectronics applications. 
The analogous microelectronic circuit may operate in static 
mode as a current source or an amplifier. In dynamic mode the 
microelectronic circuit may function as a voltage driven 
triangular pulse signal generator. At the three circuit outputs 
might be generated pulses with different frequency, amplitude, 
and width. Thus, the biocircuit appears to be extremely 
flexible and is applicable to multiple circuit purposes. 
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