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s an electrical engineer, I like to view every-
thing, large or small, in terms of an eq -

uivalent circuit of resistors, capacitors, 
inductors, and other components. To help 
me understand cell biology, I attempted 

to put together a simple equivalent circuit for a cell and 

validate it by electrical measurements. I soon found sym-
pathy with far-sighted physical scientists and engi-
neers from a century ago whose knowledge of biology 
was as poor as mine is now—not because they were 
too lazy to learn but because, back then, the knowledge 
did not exist. They made me sweat because, despite 
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working with a suspension (mixture) of millions of 
cells, they gained insight into a single cell with the help 
of Maxwell [1] and Wagner [2].

Is a Cell a Bunch of Resistors and Capacitors?
In 1902, Bernstein hypothesized [3] that a cell is made 
of a membrane wrapping around a cytoplasm of elec-
trolytes. The hypothesis can be represented by the 
equivalent circuit in Figure 1(a) [4]. Here, the mem-
brane is represented by a parallel circuit of resistance 
RM  and capacitance ,CM , and the cytoplasm is repre-
sented by another parallel circuit of RC  and .CC  We 
do not need an inductor because the membrane is thin 
and the cytoplasm is fat in cross section. Normally, 
we need to keep a cell alive in a saline solution. How-
ever, if we press sharp electrodes next to the cell so 
that most of the electric field goes through it, neither 
do we need to include the solution in the equivalent 
circuit [5]. Now, if we know the approximate values 
of ,RM  ,CM  ,RC  and ,CC  we can have some idea about 
the impedance spectrum of a cell.

The Bernstein cell model was experimentally vali-
dated first by Höber, in 1910 [6], [7]. Höber not only 
proved that a cell contains free-moving electrolytes 
but also estimated the cytoplasm resistivity to be on 
the order of 1 M .X  (His estimate remains valid today 
[8].) Because I am kind of square, I further simplify 
the cell from a sphere to a cube of 10 mn  on each side 
[9]. In this case, . .R 0 1 MC . X  Because living things 
are mostly water, we can approximate the cytoplasm 
permittivity with that of water. Therefore, .C 01 fFC .  
In 1921, Philippson [10] measured the membrane 
resistance of a cubic centimeter of guinea pig liver to 

be about .2 kX  Scaling it to a cube of 10 mn  on each 
side and considering that there are two membranes 
(top and bottom), .R 1 MM . X  In 1925, Fricke [11] mea-
sured the membrane capacitance of a suspension of 
dog blood cells to be on the order of / .1 F cm2n  There-
fore, .C 1 pFM .

With ,R 1 MM . X  ,C 1 FpM .  . ,R 0 1 MC . X  and 
,C 01 fFC .  we can simulate the impedance (admit-

tance) spectrum of a cell, as shown in Figure 1(b) [12]. 
We can see that the conductance of the cell as a whole 
is dominated by RM  in the kilohertz range and by RC  
in the megahertz range. Similarly, the cell capacitance 
is dominated by CM  in the megahertz range and by 
CC  in the gigahertz range. Also, we can use the pla-
teaus in Figure 1(b) to separately extract ,RM  ,CM  ,RC  
and CC  if we measure the cell impedance in the right 
frequency ranges. However, electrical engineers are 
used to a system impedance of 50 X  and have a hard 
time dealing with a resistance as large as 1 MX  or 
a capacitance as small as 10 fF. Luckily, we need to 
measure 10 fF only in the gigahertz range, which is at 
least easier than what the pioneers tried to do in the 
kilohertz and megahertz ranges because the admit-
tance of a capacitor rises with increasing frequency.
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Figure 1. The (a) equivalent circuit of a cell and (b) the cell’s simulated admittance spectrum [12].

I soon found sympathy with far-
sighted physical scientists and 
engineers from a century ago whose 
knowledge of biology was as poor 
as mine is now.
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According to Foster [13], “By the early 1940s, the 
large dispersion in cell suspensions centered near 
1 MHz (which became known in Schwan’s terminol-
ogy as the b  dispersion) had been known by Cole 
and others to arise from charging of the membrane 
capacitance” (see “Cole and His Equation”). Obvi-
ously, Höber, Philippson, and Fricke knew this, so, 
not long after the spark gap transmitter was devel-
oped [14] by Hertz to prove the existence of the radio 
wave predicted by Maxwell, they used the spark gap 
to extend the measurements higher than 1 MHz. 
Notice that Philippson pioneered radio broadcasting 
in Belgium [7], Fricke studied atomic physics in Den-
mark under Bohr and became an authority in radiobi-
ology [15], and Schwan supported his graduate study 
by working as a radio technician for Telefunken and 

was known as the father of bioengineering [13]. These 
physical scientists and engineers helped to pioneer 
modern biology.

An Alphabet Soup
In addition to the b  dispersion around 1 MHz, Schwan 
[16] found dispersions in the kilohertz and gigahertz 
impedance spectra of tissues and cell suspensions, 
which he named a  and c  dispersions, respectively, 
as noted in Figure 2 [17]. You can see that Fig-
ures 1(b) and  2 are very similar, confirming that a 
simple equivalent circuit of frequency-independent 
resistances and capacitances can simulate the com-
plicated dispersion of a cell. In essence, we simulate 
the different dispersions by various R and C time 
constants—an old trick of electrical engineers. How-
ever, an equivalent circuit does not equal the real 
thing. It is not unique because many different cir-
cuit topologies can simulate the same behavior. As a 
minimalist, I like this equivalent circuit for its sim-
plicity. At least, it is a convenient way to summarize 
the measured impedance spectrum of a cell, making 
it easier to compare the results from experiment to 
experiment, group to group, and century to century.

Schwan was careful to call the ionic, membrane, 
and molecular relaxation mechanisms of Figure 2 
hypotheses. He was also careful to use the term relax-
ation or dispersion and never resonance. Those who 
like to associate a spectrum with sharp resonance 
lines will be disappointed. Unlike atoms, molecules, 
and crystals, the heterogeneous structure of a cell 
naturally leads to broad dispersions typical of all 
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Figure 2. Schwan’s hypothesized cell relaxation 
mechanisms [17] and the corresponding penetration depths 
of the microwave signal illustrated by Grenier’s group [18]. 

Cole and His Equation
Cole was another pioneer in the impedance 
spectroscopy of cells and other materials a century 
ago. The Cole–Cole equation [S1] is a dielectric 
relaxation model, 
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where f)  is the complex permittivity, Sf  and f3  are 
the static and infinite-frequency dielectric constants, 
~ is the angular frequency, x  is a time constant, 
and .0 11 1a  The exponent a  describes different 
spectral shapes. When ,0a =  (S1) reduces to the 
Debye equation [S2]:
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When ,02a  the relaxation is stretched across 
a wider range of ~  than the Debye equation. For 

multiple relaxation mechanisms with time constants 
,1x  ,2x  … ,Nx  (S2) can be expanded into a series  

as [S3]
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If necessary, (S1) can be similarly expanded.
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living things. (For example, I am not very sharp.) A 
corollary is that resonance detectors may not be very 
useful here. We have plenty of sensitivity once we 
replace a one-port impedance measurement with a 
two-port scattering (S) parameter measurement. At 
issue is the signal-to-noise ratio, not the sensitivity. 
To get to know a cell well, we need to do broadband 
spectroscopy across many decades of frequency. For 
this, electrical engineers have a network analyzer 
that coherently covers many decades of frequency. 
In comparison, an optical engineer has to spend a 
fortune to buy a laser that is tunable for only a small 
section of the spectrum.

On top of Schwan’s hand-drawn impedance spec-
trum, I took the liberty to copy and paste computer-
generated graphs from Grenier’s group [18]. These 
illustrate very well the need for broadband spectros-
copy. This is because, in the kilohertz range, micro-
waves cannot penetrate the cell membrane but are 
sensitive to the overall size and shape of a cell. In the 
megahertz range, microwaves can bypass the mem-
brane capacitance to nondestructively sense inside 
a cell. Near the terahertz range, microwaves again 
cannot penetrate very far but can sense what is on 
the cell membrane (hopefully not a virus). Therefore, 
we can use microwaves of different frequencies to 
learn the multiple personalities of a cell. Here, I use 
the broad definition of microwave to mean from RF to 
terahertz frequencies.

I learned a lot not only from the pioneers a cen-
tury ago but from contemporaries, such as Grenier. 
However, unlike many contemporaries, I like to 
say “impedance spectroscopy” instead of “dielec-
tric spectroscopy.” What’s in a name? As mentioned 
previously, it is easier to compare the impedance 
spectrum from one group to another. Dielectric elec-
trical (oxymoron) engineers like to report dielectric 
constants and conductivities. Theoretically, instead 
of resistances and capacitances, a cell can also be 
represented by dielectric constants and conduc-
tivities. However, to a real electrical engineer, resis-
tances and capacitances are directly measurable, but 
dielectric constants and conductivities are inferred 
after assumptions of cell size, cell shape, and mem-
brane thickness. The membrane thickness was first 
determined by Fricke as 3 nm [11] and confirmed by 
d’Inzeo’s group almost a century later [19]. (Living 
things are fluid. It does not count if you dry a cell 
before you check it under an electron microscope.) 
Yet many researchers neglect the membrane thick-
ness in reporting a dielectric spectrum. Also, for a 
biological ignorant like me, I see in Figure  2 three 
cliffs and three plateaus in the capacitance spectrum 
and six similar features in the conductance spectrum. 
I will have a hard time trying to decide a cell model 

with more than 12 parameters, especially if I  can’t 
measure a cell across many decades of frequency. I 
will be totally lost if I  have to define each permit-
tivity in a frequency-dependent series, such as (S3), 
even though I greatly admire Cole and Debye. 

Microwaving a Cell Alive
Almost every day, I microwave about a trillion cells 
for lunch, because my stomach is roughly 1,000 cm3  
and a cell is approximately .1,000 m3n  However, I 
have a hard time aiming the microwave at just one 
cell. To do that, I have to overcome not only the 
impedance mismatch but the size mismatch. A net-
work analyzer is about the size of a microwave oven, 
which means it is more than a trillion times bigger 
than a cell. Above all, I must keep the cell happy so 
that it shows its true colors. For these reasons, my 
group uses several tricks [9]:

1)	 Resuspend cells in an isotonic sucrose solution 
to minimize the solution effects while keeping 
cells alive. (Many of us are sugar freaks, too.)

2)	 Use ac dielectrophoresis (see “Dielectropho-
resis”) [20] to quickly trap and release a cell 
between closely spaced electrodes and to focus 
the electric field inside the cell.

3)	 Replace a one-port impedance measurement 
with a two-port S-parameter measurement to 
increase the dynamic range.

4)	 Use rapidly successive measurements with 
and without a cell to perform an interference 
measurement in the time domain instead of 
the spatial domain. (It is difficult to null an 
interferometer in the spatial domain through 
decades of frequency and for longer than a 
few minutes.)

5)	 Use the same ultrawideband network analyzer 
to quickly switch between trapping, charac-
terization, electroporation [21], and release 
(Table 1).

We follow Höber [6] to resuspend cells in a suc
rose solution that is much less conductive than the 
medium for cell cultures [22]. This helps to minimize 
side effects, such as electrolysis and electrode polariza-
tion [23]. However, although the solution is isotonic and 
cells remain alive and spherical for many hours [9], 
the cells’ diameter and cytoplasm conductivity may 
decrease slightly. (In general, there are many subtle 

Electrical engineers are used to a 
system impedance of 50 Ω and have a 
hard time dealing with a resistance 
as large as 1 MΩ or a capacitance as 
small as 10 fF.
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issues in relating in vitro measurements to in vivo 
behaviors, which are beyond the scope of this arti-
cle.) Presently, at least when live and dead [24] cells 
are suspended in sucrose, there is no significant dif-
ference in their size distributions, as demonstrated 
in Figure 3. We can see in the figure wide distri-
butions in the cell diameter, reflecting biological 
heterogeneity. However, live and dead cells appear 
to have the same average diameters. Note that, in 
this case, the dead cells are gently killed by heat-
ing them to 60 °C, a process similar to pasteurizing 
food without spoiling its taste.

Because the network analyzer is much more sen-
sitive than an impedance meter, we can use an input 
power as low as −18  dB below 1  mW to obtain the 
impedance spectrum of a cell (Table 1). This power 
level is orders of magnitude lower than that required 
for reversible electroporation [21], let alone heating 
and otherwise hurting the cell. (It is not worth-
while to microwave just one cell for lunch.) We do 

not know how happy a cell is about being trapped. 
However, we have trapped and interrogated a cell 
for more than an hour, and its impedance does not 
fluctuate beyond the background noise. By contrast, 
the difference in the impedance of live and dead 
cells (0.01 dB) is about an order of magnitude larger 
than the background noise of the measurement 
setup (0.001 dB) [24]. Right now, the calibration of 
the experimental setup drifts by about 0.01 dB per 
hour [12]. If the stability of the setup is improved, it 
will be interesting to use it to track a cell’s imped-
ance as it gets tired or old.

We tried these tricks on Jurkat cells [25]. Jurkat 
is a well-studied cloning line of human T-lympho-
cyte cells with a spherical shape, large diameter 
( ),10 m+ n  and simple structure. The cells do not 
st ick around to c log up a microf lu idic chan nel 
and can be flown through one by one and trapped 
on a coplanar waveguide (CPW), as illustrated in 
Figure 4. We taper the CPW precisely down to a 
10 m-n  trap in a series or shunt configuration (Fig-
ure 5) while maintaining a 50-X  characterist ic 
impedance through many decades of frequency. 
Figure 6 displays the measurement setup with the 
CPW placed on a homemade probe station, which 
is, in turn, on an inverted fluorescence microscope 
for simultaneous electrical and optical character-
ization [21]. Simultaneous optical characterization 
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Figure 3. The size distribution of live and dead Jurkat cells 
resuspended in an isotonic sucrose solution and analyzed by 
a Coulter counter.

An equivalent circuit does not 
equal the real thing. It is not unique 
because many different circuit 
topologies can simulate the same 
behavior.

TABLE 1. A network analyzer’s frequency and power.

Function Frequency Power

Trapping 10 MHz 0 dBm

Characterization 9 kHz–9 GHz −18 dBm

Electroporation 100 kHz 9 dBm

Release 10 kHz 3 dBm

dBm: decibel referenced to 1 mW.

Dielectrophoresis 
Dielectrophoresis (DEP) has been used by 
biologists for decades not only in cell manipulation 
but in sorting and characterization through a 
cytometer [S4]. Recently, the groups of Bridges 
[S5] and Pothier [S6] advanced DEP higher 
than 100 MHz, making it more sensitive to .RC  
However, because DEP is based on fluid dynamics, 
the technique is sensitive to the cell size and shape 
at most frequencies. Bridges’ group overcomes 
the challenge by focusing at 6 MHz, where the 
dependence on cell diameter changes sign and is 
at a minimum.
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is crit ical to many biologists for whom “seeing 
is believing.”

Figure 7 compares the measured and simulated 
S parameters of the CPW with a series or shunt 
trap and the microfluidic channel filled with air 
or sucrose. We can see that the measurement setup 
takes full advantage of the 100-dB-plus dynamic 
range of a two-port measurement, and the CPW 
behaves smoothly across many decades of fre-
quency. Because the impedance of a cell is on the 
order of ,1 MX  Figure 7 shows that, with a series 
trap, the reflection coefficient S 111 .  (0 dB), while 
the transmission coefficient S 012 .  .( dB)3-  On the 
other hand, with a shunt trap, ,S 011 .  while .S 121 .  
We see in the next section that, despite being very 
small, S21  is more sensit ive to a series-trapped 
cell, while S 11  is more sensitive to a shunt-trapped 
cell. This is counterintuitive but agrees with the 
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trapped on a CPW for impedance spectroscopy [12].
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Figure 5. A Jurkat cell trapped by dielectrophoresis on a 
CPW in (a) a series and (b) a shunt configuration [12].
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Figure 6. The measurement setup with the CPW on a 
homemade probe station on top of an inverted fluorescence 
microscope [12].
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sensitivity analysis [12]. It also underscores the com-
plementary nature of the series and shunt traps as 
well as the importance of the two-port measurement 
and dynamic range.

Impedance of a Jurkat Cell
On the scales in Figure 7, we cannot see any differ-
ence in S 11  and S21  with or without a cell trapped. We 
can see the difference only when it is plotted by itself, 

as in Figures 8 and 9. Here, the reflection change 
S 11T  and transmission change S21T  are defined, 

in decibels, as

	 ,log logS S S10 10w/cell w/o cell
11 11 11$ $T = - � (1)

	 .log logS S S10 10w/cell w/o cell
21 21 21$ $T = - � (2)

We repeated the measurement many times, each 
with a different cell trapped in a series or a shunt 
configuration. We plot their average values along 
with error bars. Comparing the measured S 11T  
and S21T  with those simulated using different 
combinations of RM  and ,CC  we can determine their 
values to the second digit despite weak and noisy 
data. Table 2 summarizes the RM  and CC  values that 
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Broadband impedance spectroscopy 
is a convenient way to quickly tell 
whether a cell is alive or dead, 
without dyeing and culturing.
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give the best fit, together with a similarly fitted RC  
and .CM  For comparison, Table 2 includes values 
found in the literature, mostly measured on cell sus-
pensions in the kilohertz-to-megahertz range, with 
single-cell characteristics in terms of dielectric con-
stants and conductivities extracted using the Max-
well–Wagner mixture model [1], [2]. To make the 
comparison easier, I have converted the literature 
values into resistances and capacitances using my 
simple cubic-cell model because many researchers 
do not report the shape of the cell. In cases where 
they do not report either the cell size or membrane 
thickness, I use 10 mn  and 10 nm, respectively. 

It hurts my ego to see from Table 2 that, after 
working so hard to measure a single cell across a 
broad bandwidth, our results are not much different 
from those of others except for being more precise. 
Besides making everyone happy by validating the 
Maxwell–Wagner mixture model, why do we need 
to measure CC  within 0.1 fF?!  Well, 0.2 fF may mean 
the difference between life and death [24]. How-
ever, it is difficult to precisely measure CC  below 
100  MHz, as illustrated in Figure 1(b). Since other 
measurements are all less than 100 MHz [26]–[31], I 
suspect that, instead of directly measuring ,CC  they 
estimate CC  by assuming that the dielectric prop-
erty of the cytoplasm is similar to that of a saline 
solution, just as I did in the “Is a Cell a Bunch of 
Resistors and Capacitors?” section for an order-of-
magnitude estimate of .CC

Broadband impedance spectroscopy is a conve-
nient way to quickly tell whether a cell is alive or 
dead, without dyeing and culturing [24]. As imped-
ance spectroscopy advanced from the kilohertz 
to the gigahertz range, cell characterization also 
advanced from RM  to CM  and ,RC  starting from 
Philippson’s discovery that the RM  of a guinea 
pig’s muscle cells decreases after the animal dies 
[10]. With the most recent advancement to ,CC  we 
can more thoroughly and reliably characterize the 
physiological state of a cell. For example, we found 
that, as a Jurkat cell dies, CM  decreases, but RC  and 

CC  increase [24]. Because of biological heterogeneity, 
multimodal measurement is necessary to minimize 
false alarms. It is too risky to sort cells based on just 
one parameter, whether it is ,RM  ,CM  ,RC  or .CC

What Is Next?
A cell is actually more complicated than I can com-
prehend. So far, we assume a homogenous cytoplasm 
inside a cell. However, a cell often contains a nucleus 
and many other kinds of organelle. As we continue 
to improve the measurement technique, we can use a 
more complicated equivalent circuit to extract addi-
tional subtleties from a cell. Figure 10 conveys the 
equivalent circuit for a double-shell cell [32], [33]. In 
this model, we have added RN  and CN  to account for 
the nuclear plasma and RNM  and CNM  for the nuclear 
membrane. Here, RC1  and CNM1  account for the signals 
bypassing the nuclear membrane and plasma, respec-
tively. For the sake of completeness, ,REXT  ,CEXT  and 
CBIAS  account for the solution effects. Altogether, there 

TABLE 2. The electrical characteristics of a Jurkat cell.

RM (MΩ) CM (pF) RC (MΩ) CC (fF) Bandwidth (MHz) Reference

— 1.1 0.13 6 0.01−100 [26]

3.6 1.4 0.15 6 0.01−100 [27]

80 1.1 0.2 12 0.01−100 [28]

20 0.9 0.5 — Nanosecond pulse [29]

2 1.2 0.3 6 0.01−10 [30]

— 0.7 0.2 10 0.001−100 [31]

1.5 ± 0.3 1.5 ± 0.3 0.4 ± 0.1 6.4 ± 0.1 0.009−9,000 This work

RM CM

RC CC

RNM CNM

RN CN

RM CM

RC CC

RNM CNM

R
N

M
1

RC1 RExt

CBias

CExt

CBias

Figure 10. The equivalent circuit of a double-shell cell.
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are 13 parameters—one too many. However, we may 
be able to extract the parameter from the exact shape of 
the b  dispersion, as in (S1). Recently, we have been able 
to tell from the impedance spectrum the nuclear size of 
a live cell [34] by expanding the bandwidth to between 
900 Hz and 40 GHz. To further expand the bandwidth, 
the CPW needs to be more linear, the signal-to-noise 
ratio needs to be higher, and the network analyzer 
needs to be cheaper.

I thought life would be simpler dealing with only 
one cell at a time. Once we start to peer inside the cell, 
I realize I have traded a suspension of cloned cells for 
a suspension of different organelles. Since Maxwell 
and Wagner are no longer available, I look elsewhere 
for help. What Maxwell and Wagner did not have is 
a computer running a 3D, finite-element, full-wave 
electromagnetic simulator. We have successfully used 
it with help from Liberti’s group [5]. However, many 
challenges remain because the electric field distribu-
tion is highly 

1)	 nonuniform, giving a cell size comparable to the 
electrode size and gap

2)	 perturbed by the presence of the cell 
3)	 dispersive with the heterogeneous structure of 

the cell 
4)	 asymmetrical, because the cell may be skewed 

and does not sit still 
5)	 multiscale, from a centimeter-long CPW to submi-

cron organelles.
To improve the measurement precision, we need 

to better the calibration technique. For the charac-
terization of nanoliter liquids, we have collaborated 
with Booth’s group to develop a single-connection in 
situ calibration technique using liquids of known per-
mittivity [35]. Recently, we have applied single-con-
nection calibration to move the reference plane from 
the probe tip to the edge of the microfluidic channel 
for distinguishing cells with different nuclear sizes 
[22]. The calibration technique should make it easier 
to adapt broadband electrical characterization to a 
cytometer, following Niknejad’s group [36].

A cell may appear homogeneous again if the elec-
trode is much smaller than the cell. For this, we have 
developed with Farina’s group a broadband, quan-
titative, and biocompatible scanning microwave 
microscope from an atomic force microscope [37], 
[38]. We can use it not only to resolve subcellular 

structures but also to study bacteria and viruses that 
are much smaller than 10 mn  [39]. Alternatively, we 
can improve the spatial resolution of impedance 
spectroscopy by using highly integrated silicon 
circuits to create a dense array of sensors, with the 
help of Chang’s group [40]. We can use the silicon 
circuits to replace the network analyzer for gener-
ating and sensing the microwave signal as well as 
for on-chip signal processing to improve the signal-
to-noise ratio. Because the impedance spectrum 
is made of broad relaxations, instead of sweeping 
across decades of frequency, the silicon circuits may 
need to work with only a few discrete frequencies, 
for example, 10 kHz for ,RM  10 MHz for CM  and ,RC  
and 10 GHz for .CC  Alternatively, a network analyzer 
can be built on a chip or board, following Kissinger’s 
group [41].

For cytometer-like applications, we also need to 
improve the throughput. In microfluidics, we have 
used sheath flows to aim the cell-containing main 
flow at the trap on the CPW, which improves the 
throughput from about one cell/min to roughly 
10  cells/min [34]. This is still a long way from the 
100–1,000  cells/s of a typical cytometer. However, 
if we can show the promise of the technique, clever 
people will figure out ways to drastically improve 
its throughput and make a fortune from commer-
cializing it. With their help, one day we may be able 
to buy a cheap little attachment for the smartphone 
and take it to a jungle to test for human immunode-
ficiency virus.
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