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ABSTRACT
In this paper, we propose a novel technique in modeling and
analysis of biological cells to implement DRAM storage elements in the post-CMOS era. The motivation is based on
the known characteristics of biological cells. By applying an
electric pulse with a ﬁxed duration, we may calculate the
voltage across the cytoplasmic membrane, also called a cell
membrane or plasma membrane, and the nuclear membrane
within biological cells. The induced voltage across the membranes may function like a capacitor does in a DRAM storage
element. The electron charge accumulated on a membrane
is also leaky, similar to the traditional DRAM. The electron
charge and discharge time constants for cytoplasmic and nuclear membranes can be ﬁne-tuned through careful selection
of diﬀerent sizes and types of biological cells. Experimental results by simulation show that about 75 percents (75%)
of the applied voltage is distributed across the cytoplasmic
membrane. Hence, cytoplasmic membrane is more suitable
in the application of DRAM implementation. This means
that when applying 0.9V − 1V of voltage across a biological
cell, roughly 0.7V −0.75V of the voltage is induced across the
cytoplasmic membrane. The electron charge and discharge
time can be achieved within 100 ns for certain size and type
of biological cells. The required DRAM refresh frequency is
therefore approximately 10 MHz for such biological cells.

Synchronous [5], and Synchronous Link [6]. The study like
[1] has provided a simulation-based performance evaluation
of a representative group, evaluating each of these architectures in terms of its eﬀect on total execution time.
According to the report from International Technology
Roadmap for Semiconductors (ITRS) [7], the scaling of Complementary Metal Oxide Semiconductor (CMOS) technology
will continue to evolve and dominate the semiconductor industry for at least another ten years. This may lead to over
14 billion transistors integrated onto a single chip with a
clock frequency of over 50GHz in the 18-nanometer technology. However, what will happen in the post-CMOS era?
The search for alternative technologies is certainly in demand. The focus of this paper is not the study based on
the existing DRAM architectures. Instead, it emphasizes on
the search of a DRAM storage cell structure that is diﬀerent from and unrestricted by the MOSFET design in the
traditional DRAM technology.
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INTRODUCTION

Dynamic Random Access Memory (DRAM) is the most
common kind of random access memory (RAM) for personal computers and workstations. DRAM stores each bit
in a storage cell consisting of a capacitor and a transistor.
Since real capacitors leak charge, the information eventually
fades away unless the capacitor charge is refreshed periodically. Because of this refresh requirement, it is called a dynamic memory in contrast to Static Random Access Memory
(SRAM) and other static memory. Its advantage over SRAM
is in its structural simplicity: only one transistor and one capacitor are required per bit, compared to six transistors in
SRAM. This allows DRAM to reach very high density at a
relatively low cost.
In response to the growing gap between memory access
time and processor speed, DRAM manufacturers have developed several DRAM architectures in the past ten to ﬁfteen years. Those available in the industry include Fast Page
Mode [2], Extended Data Out [3], Synchronous [4], Enhanced

R3
R4

Figure 1: Multi-shell single biological cell model
In searching for the new devices, one potential technology
is the use of biological cells. The membrane of a biological cell creates a large barrier to the transport of ions and
charged molecules both inside and outside of cell. Such barrier may be compromised to improve the transport of ions
and charged molecules by applying external physical stimulus. One typical stimulus is the application of electrical ﬁeld,
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i.e., voltage. Under such electrical ﬁeld, there exists a voltage
across the transmembrane domain, thus charge is accumulated on the transmembrane similar to the way a capacitor
would respond. A pulsed electrical ﬁeld is suﬃcient to cause
the transmembrane voltage reaching 1V − 2V . In addition,
some pores on the cytoplasmic membrane may be formed
under the electric ﬁeld to further increase the transport of
ions and charged molecules. Such phenomenon is called electroporation [8]. The typical usage of electroporation includes
(1) the introduction of DNA, enzymes, antibodies, and other
biochemical reagents for intracellular assay, (2) the introduction of virus and other particles, (3) the insertion of membrane molecules into the cell membrane, and (4) the killing of
cells under nontoxic conditions. Thanks to the extensive applications, there has been intensive study of electroporation
in the ﬁeld of medical application (e.g., [9, 10]).
Similar to the eﬀects of traditional DRAM, the induced
voltages caused by external electric ﬁeld within the biological
cell are leaky. The rate of discharge of electrons depends
upon the time constants of the biological cell. The amount
of induced voltages across transmembrane also depend upon
the type and shape of biological cell. In this paper, we show
that by careful selection of the shape and size of the biological
cell, the “memory” of a cell may be kept long enough so
that it is comparable to traditional DRAM device made of
MOSFET in terms of operation and refreshing.
The rest of this paper is organized as follows: Section 2
presents the modeling of multi-shell single biological cell and
the basis of distribution of voltage in transmembrane domain. Section 3 presents the experimental results and Section 4 concludes this paper.

2.

MODELING OF MULTI-SHELL SINGLE
CELL

The diagram of multi-shell single biological cell is shown
in Fig. 1 [11]. R1 and R2 are the inner and outer radii of
nuclear membrane, respectively. R3 and R4 denote the inner
and outer radii of cytoplasmic membrane, respectively. The
amplitude of the applied electromagnetic wave is denoted
by E0 . The model of the biological cell is divided into ﬁve
regions:
I, 0 ≤ r ≤ R1 , nuclear region
Region II, R1 ≤ r ≤ R2 , nuclear membrane

Region

Region

III, R2 ≤ r ≤ R3 , cytoplasm region
IV, R3 ≤ r ≤ R4 , cytoplasmic membrane

Region

V, r ≥ R4 , extracellular environment

Region

i.e. in a spherical coordinate systems, r, ϕ, θ, and ∂/∂ϕ = 0.
The scalar potential, V0 , of the applied ﬁeld can be written
as:
V0 = −E0 rcosθ = −E0 rP1 (cosθ)

where P1 (cosθ) is the ﬁrst order Legendre function.
Hence, the potentials in ﬁve regions within the biological
cell described in equation (1) can be written as: (An , B1n ,
B2n , C1n , C2n , D1n , D2n , and Fn are constants) as follows.
VI =
VII =
VIII =
VIV =
VV =

∞


An rn Pn (cosθ), 0 ≤ r ≤ R1

n=0
∞


[B1n r−(n+1) + B2n rn ]Pn (cosθ), R1 ≤ r ≤ R2

n=0
∞


[C1n r−(n+1) + C2n rn ]Pn (cosθ), R2 ≤ r ≤ R3

n=0
∞


[D1n r−(n+1) + D2n rn ]Pn (cosθ), R3 ≤ r ≤ R4

n=0
∞


[Fn r−(n+1) Pn (cosθ) − E0 rP1 (cosθ)], r ≥ R4

n=0

(4)
Let ZI = σI + jωεI , ZII = σII + jωεII , ZIII = σIII +
jωεIII , ZIV = σIV + jωεIV , and ZV = σV + jωεV , where
σ and ε indicate the conductivity and permittivity in each
region of the cell respectively. Also assume that the surface charges can be neglected. The following equations for
potentials and normal current density at boundary surfaces
are valid:
VI = VII ,
VII = VIII ,

ZI (∂VI /∂r) = ZII (∂VII /∂r); r = R1
ZII (∂VII /∂r) = ZIII (∂VIII /∂r); r = R2

VIII = VIV , ZIII (∂VIII /∂r) = ZIV (∂VIV /∂r); r = R3
VIV = VV , ZIV (∂VIV /∂r) = ZV (∂VV /∂r); r = R4
(5)
Applying the orthogonality of Legendre function, it can
be shown that the constants An , B1n , B2n , C1n , C2n , D1n ,
D2n , and Fn in the equation (4) are zeroed out when n = 1.
When n = 1, the constants can be re-written as follows:

C11 =

3ZV E0
2ZIV R4−3 d1 − ZIV d2 − 2ZV R4−3 g1
3ZII
B11
(ZII − ZI )RI3
2ZII + ZI
B11
(ZII − ZI )R13
c1B11

C21 =

c2B11

D11 =

d1B11

D21 =

d2B11

F 1i =

g1 B11 + R43 E0

B11 =
(1)

A1 =

Suppose that the cell is under an electromagnetic wave with
angular frequency ω. As the permeability of most biological
materials is very close to that of the air, the magnetic ﬁelds
can be neglected. Furthermore, the diameter of a cell (typ ext , around
ically, 10µm) is small, thus the external ﬁeld, E
the cell is assumed to be homogenous and uniformly applies
to the cell. Thus,
 ext = E0 e−jωt z
E

(3)

B21 =

(2)

(6)

It is obvious to see that we have an axial-symmetric system,
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where

c2 =
d1 =
d2 =
g1 =

Vnm
Vcm
Vapplied

0.8

0.6
Normalized Voltage

c1 =

1

(2ZII + ZI )(ZIII − ZII )R23
ZIII + 2ZII
+
3ZIII (ZII − ZI )R13
3ZIII
(2ZII + ZI )(2ZIII + ZII )
2ZIII − 2ZII
+
3ZIII (ZII − ZI )R13
3ZIII R23
ZIV − ZIII 3
2ZIII + ZIV
R3 c2
c1 +
3ZIV
3ZIV
2(ZIV − ZIII )
2ZIV + ZIII
c2
c1 +
ZIV
3ZIV R33
d1 + R43 d2

0.4

0.2

0

(7)
−0.2

Hence, given the applied voltage on the biological cell, the
induced voltage across each regions can be obtained in the
equation (6) and (7), respectively.

3.

EXPERIMENTAL RESULTS

All the experimental results are implemented and simulated in Matlab. In order to investigate the response of a
single cell subjective to an electric pulse, numerical simulations are carried out for typical cellular dimensions with
cellular dielectric properties. The constants used in the simulation are derived from measurements by various research
papers cited below.
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Figure 3: Response of medium circular biological cell
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Figure 4: Response of large circular biological cell
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Figure 2: Response of small circular biological cell
In our calculation, the relative permittivity in the region
of nucleus, cytoplasm, and extracellular media is assumed
to be 81 (see [12]). This value is diﬀerent in membranes
whose permittivity is assumed to be 5 (see also [12]). The
conductivity in nucleus, cytoplasm, and extracellular media
is assumed to be 0.3 S/m [13]. However, the conductivity in
the membranes is assigned with the value of 3e−7 S/m [14].
The calculation is based on three diﬀerent sizes of circular
biological cells: (1) small cell, R1 = 0.5µm, R3 = 2.5µm, (2)
medium cell, R1 = 1.5µm, R3 = 3.5µm, and (3) large cell,
R1 = 2.5µm, R3 = 5.0µm. The deﬁnitions of R1 and R3
are the radii of the single biological cell as shown in Fig. 1.

Furthermore, the thickness of cytoplasmic membrane is assumed to be 10 nm, while the thickness of nuclear membrane
is usually double in measurement, i.e. 20 nm. Figures 2, 3,
and 4 show the experimental results for each simulation with
various sizes of single biology cell. For each size of biological
cell, the voltage is applied with electric rectangular pulse for
the duration of 500ns (denoted as Vapplied in all three ﬁgures). Fig 4 is the response of the large cell. The normalized
voltages across cytoplasmic membrane (denoted as Vcm ) are
shown in the ﬁgures. The normalized voltage means the percentage of membrane voltage verse the voltage applied onto
the single cell. For example, the value of Vcm is roughly 0.75
with respect to the applied voltage in Fig. 2. This means
that if the total applied external voltage is 1V , the voltage
across cytoplasmic membrane is roughly 0.75V .
Similarly, the normalized voltages across nuclear membrane (denoted as Vnm ) are shown in all three ﬁgures. It is
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obvious that the voltage across cytoplasmic membrane (Vcm )
is about 75% to 80% of the applied voltage for all three sizes
of biology cells. However, the voltage across nuclear membrane (Vnm ) is relatively small with respect to applied voltage, roughly less than 10%. This implies that the cytoplasmic membrane is a better choice acting as a capacitor than
nuclear membrane in consideration of DRAM application.
Furthermore, for cytoplasmic membrane, the time constant
is about 40ns as shown in Fig. 2, 70ns in Fig. 3 and 100ns in
Fig. 4. This indicates that time constants of the charge and
discharge of electrons can be adjusted by employing diﬀerent size of biological cells. In application to DRAM storage
cells, the smaller time constant indicates the more frequency
requirement of DRAM refresh. Clearly, the larger size of the
single biological cell as shown in Fig. 4 is a better choice in
application to biological DRAM in comparison to two other
ﬁgures. Given the time constant of 100ns in Fig. 4, the required refresh frequency is about 10 MHz. We may choose
even larger size of biological cell as DRAM storage, such as
10µm in radius. In such case, the time constant is roughly
about 200ns. The cell is able to “memorize” the information
longer than smaller cell. Therefore, the required refresh frequency is much less (about 5 MHz). However, the duration
of the pulse of external applied electric ﬁeld will need to be
longer in order to fully charge the biological cell. This may
be a trade-oﬀ to be considered about by the designers.
Another observation is that the electron charge and discharge time across nuclear membrane is much faster than
the one in cytoplasmic membrane. There is also much less
voltage induced across the nuclear membrane for a relatively
short period of time (observed in terms of the charging and
discharging time across the cytoplasmic membrane). This
implies that we may prefer to use cytoplasmic membrane as
a capacitor in the implementation of biological DRAM.

4.

CONCLUSION AND FUTURE WORK

In this paper, we proposed a novel technique to implement DRAM storage elements by modeling and analyzing
circular biological cells. The selection of biological cells with
various shapes and sizes are explored. We investigated the
characteristics of the biological cells, such as the induced
voltages across nuclear and cytoplasmic membranes plus the
electron charge and discharge time in these membranes under external excitations. Simulation results show that the
cytoplasmic membrane is a better choice in DRAM implementation in terms of voltage induced by external electric
ﬁeld and the requirement of DRAM refresh. Future research
shall include using of non-circular biological cells with different sizes and shapes in application to DRAM and other
elements in electronic circuit design.
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