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A versatile and low-cost single-beam self-referenced phase-sensitive surface plasmon resonance (SPR) sens-
ing system with ultra-high resolution performance is presented. The system exhibits a root-mean-square
phase fluctuation of ±0.0028◦ over a period of 45 min, i.e. a resolution of ±5.2 × 10−9 refractive index
units. The enhanced performance has been achieved through the incorporation of three design elements: a
true single-beam configuration enabling complete self-referencing so that only the phase change associated
with SPR gets detected, a differential measurement scheme to eliminate spurious signals not related to
the sensor response, and the elimination of retardation drifts by incorporating temperature stabilization
in the liquid crystal phase modulator. Our design should bring the detection sensitivity of non-labeling
SPR biosensing closer to that achievable by conventional fluorescence-based techniques.

OCIS codes: 240.6680, 310.6860.

Over the past two decades, optical sensors based on
the surface plasmon resonance (SPR) phenomenon have
gradually evolved to become a standard tool for quan-
titative measurement of chemical and biological bind-
ing reactions[1]. In order to fulfill the ever-increasing
demand of application requirements, SPR sensing in-
strumentation has been improving continuously in terms
of resolution, system stability, measurement throughput
and cost. One approach for achieving ultra-high resolu-
tion is to measure the SPR phase response. The SPR
phase undergoes a steep jump across the resonance dip,
which means that a small refractive index change near
the sensing surface may lead to a large signal response.
SPR phase detection was first demonstrated through
heterodyne interferometry[2]. This sensor gave a reso-
lution of 5 × 10−7 refractive index units (RIU), which
was already quite a significant improvement at the time.
Later, the Zeeman laser has been employed to reduce
system complexity[3]. The beat frequency (typically in
kilohertz to megahertz range) caused by interference be-
tween the two orthogonal polarizations within the Zee-
man laser beam provided a direct measurement of the
SPR phase through measuring the phase difference in
the optical beam immediately before and after travers-
ing the sensor head. The main drawback of this approach
is its difficulty in operating at low frequencies required
by imaging measurement — an important attribute for
achieving two-dimensional (2D) SPR sensor arrays with
high measurement throughput. In order to address this
issue, it has been reported that a liquid crystal modulator
(LCM), which may be used as a voltage-controlled optical
retarder, can be incorporated to perform SPR phase mea-
surement through a five-step phase-shifting method[4].
Indeed, this approach achieved a measurement resolu-
tion of 2× 10−7 RIU. It should be mentioned that LCM
has also been used by Hooper and Sambles[5]. More re-
cently, quadrature interferometry of SPR phase using a
LCM has also been demonstrated by Lee et al.

[6]. Their
system achieved an experimental refractive index resolu-
tion of 6 × 10−6 RIU.

In spite of its simplicity as a retardation modulator,
LCM has its own disadvantages, namely high temper-
ature dependence, high nonlinearity, low operation fre-
quency and limited retardation modulation range. Small
variations in temperature will result in sizeable measure-
ment drift. Indeed the situation will be much more prob-
lematic for the phase-shifting approach reported by Su
et al.

[4], as the accuracy of the final phase measurement
relies entirely on the repeatability of the five data points
obtained upon shifting of the retardation within a 2π
circle. From the engineering point of view, LCM offers
a number of advantages such as low cost, long lifetime,
small size, no mechanical moving parts, low power con-
sumption, light weight and low operation voltage. LCM
is very suitable for portable SPR biosensor instruments
if all of its shortcomings can be removed. With prac-
ticality and high measurement resolution as the objec-
tives, we construct a single-beam self-referenced phase-
sensitive SPR sensing system demonstrating three im-
portant features. Firstly, the single-beam construction
significantly reduces complexity and completely removes
the need of any beam alignment for obtaining high inter-
ference efficiency. Secondly, extremely high stability is
achieved through the incorporation of temperature con-
trol to stabilize the retardation drift in the LCM, and
the use of differential phase measurement eliminates un-
wanted phase errors caused by the ambient. Thirdly, a
multi-pass beam-folding device is implemented to extend
the retardation modulation depth into multiples of 2π,
which provides better accuracy in the phase extraction
process.

For the operation principle of our system, we need to
mention that SPR only affects the p-polarization of the
incoming light. The s-polarization remains unperturbed
and may be used as the reference. With it being single-
beam self-referenced (i.e., we are performing interference
between the s- and p-polarization within the beam itself),
our system has built-in capability for complete elimina-
tion of unwanted noise coming from the environment, as
phase changes due to external disturbances other than
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that coming from SPR should be present in both of the
two orthogonal polarizations. The resonance condition
of SPR is primarily influenced by the refractive index
of the medium near the sensing surface. In our system,
the phase difference between the s- and p-polarization
(i.e. retardation) may come from three effects: 1) SPR,
which is the quantity we aim to measure; 2) artificial
retardation modulation introduced by the LCM; 3) un-
wanted phase polarization effects associated with the op-
tical components. The fact that our system is inherently
a self-referencing as well as differential one, it is likely
that we are only left with the third item to deal with.
From our experimental results, it is shown that errors due
to this item are extremely small, hence leading to very
high measurement resolution. When the incident light
beam is set at angle θi relative to the normal direction of
the metallic surface in the SPR coupling prism, the com-
plex reflection coefficients of p- and s-polarization can
be expressed as

rs,p =
r12 + r23 exp(2ikz1d)

1 + r12r23 exp(2ikz1d)
, rij =

Zi − Zj

Zi + Zj
,

for p-polarization, Zi = εi/kzi; for s-polarization, Zi =
kzi. kzi = ko(εi − ε1 sin2 θi)

1/2. Z is an impedance quan-
tity, kzi is the component of the wave vector in medium
i in the normal direction of the metal thin film, ko is the
wave vector in vacuum and εi is the dielectric constant
of medium i. Amplitude reflection coefficients rs,p can
be rewritten as

rp = |rp| e
iφp and rs = |rs| e

iφs .

The phase difference between p- and s-polarization is
therefore φp − φs. The detected signal from the probe
channel (Vdet) with the retardation caused by SPR and
the LCM may be described as

Vdet ∝ E2
m = (Eos cos θs)

2 + (|r|
2
Eop cos θp)2

+2(Eos cos θs)(|r|
2
Eop cos θp) cos(∆ψLCM + (φp − φs)),

where Em is the amplitude of the detected light; Eop

and Eos are the amplitudes of the p- and s-polarization;
r is the reflection coefficient of the SPR sensor head for
the p-polarization; θp and θs are the off-axis angle of the
polarizer between p- and s-polarization axis (45◦ for the
present setup) respectively; ∆ψLCM is the phase change
introduced by the LCM.

∆ψLCM can be found by analyzing the reference sig-
nal traces upon varying the driving voltage of the LCM.
At the same time if we perform the same procedures
on the probe signal traces, then we should expect to
find [∆ψLCM + (φp − φs)], as the beam would have then
been further modified by the SPR sensor head. This
means that if we continuously analyze the signal traces
from the reference channel as well as the probe chan-
nel, we should be able to find (φp − φs), the SPR phase
change, through a phase subtraction step. Obviously the
differential measurement approach will help us improve
stability by minimizing the effects of unwanted changes
in the characteristics of the LCM and also other distur-
bances from the surrounding environment.

Our experimental setup is depicted in Fig. 1. This

Fig. 1. Experimental setup of LCM-based SPR sensing sys-
tem.

simple configuration is essentially a single-beam self-
referenced differential phase-sensitive SPR sensor system
capable of achieving high resolution. Large retardation
modulation is obtained by placing the LCM element
between two mirrors so that the optical beam travels
through the modulator multiple times before leaving
the cavity. The fast axis of the LCM is aligned to the
p-polarization of the laser beam in order to obtain maxi-
mum retardation modulation depth. The LCM (Newport
LCR-VIS-05) is driven by a controller (Newport 932-CX)
which accepts an external drive signal for producing the
required retardation modulation. In our case, we used a
programmable function generator (Hameg HM8130) to
generate a 10-Hz saw-tooth waveform oscillating between
0− 13 V for achieving maximum retardation modulation
depth. The light source is a 12-mW linearly polarized
He-Ne laser at the wavelength of 632.8 nm. The optical
polarization axis of the laser beam is set at 45◦ from
both p- and s-polarization orientation so that the optical
power is initially divided into two equal halves along the
p- and s-polarization axes. However, the power distri-
bution may be adjusted as necessary for signal-to-noise
ratio (SNR) optimization. A 9:1 beam splitter is placed
after the LCM for producing a reference signal. While all
subsequently captured signals are compared against this
reference, any fluctuation in the characteristics of the
LCM will be eliminated through a differential measure-
ment approach. We have implemented a temperature-
controlled chamber for stabilizing the temperature of
the LCM to within ±0.01 ◦C. We found that this is
very important for achieving the expected performance
in the sensor system. The LCM is placed between two
mirrors so that the beam gets folded a number of times
and attains a larger retardation modulation depth. In
the present case, the total retardation depth is 14π (i.e.
going through the LCM 7 times). The significance of
this technique is that we need to capture as many cycles
of phase modulation as possible in every signal trace in
order to increase the phase extraction accuracy as the
subsequent data processing algorithm relies on compar-
ing the phase locations of truncated sine waves. The
reference beam passes through a linear polarizer at 45◦

off the p-polarization axis so that interference between
p- and s-polarized light can provide the necessary inten-
sity variation as we modulate the retardation using the
LCM. If we take p-polarized light as the probe beam,
while s-polarized light as the self-reference beam, then
the system will naturally eliminate common-mode noises
which are not due to the phase difference between the
two polarizations (i.e. retardation). The SPR sensing
head consists of two elements: a prism coupler and a
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sensor chip covered by a flow-cell. The dove prism cou-
pler is made from BK7 glass and the sensor chip is a
microscope glass slide (25 × 25 × 1 (mm)) coated with
a nominally 46-nm-thick gold film. Further details of
the sensor chip and the flow-cell may be found from our
previous paper[7]. The sensor chip is optically coupled to
the back side of the dove prism through a layer of refrac-
tive index matching oil. During the experiment, sample
fluid was injected into the flow-cell using a syringe. A
rotational stage permits adjustment of the incident an-
gle to around 73◦ so that the experiment may start at
the minimum of the SPR absorption dip. At the exit
of the sensor head, a photodetector collects the inter-
ference signal from the reflected beam through another
polarizer positioned at 45◦ from the p-polarization axis.
A digital storage oscilloscope (DSO, LeCroy LT264) is
used for recording the signal waveforms of the probe and
reference channels and the raw data will be processed
with a computer. A software program has been con-
structed for real-time phase extraction and monitoring.
The signal processing procedures include data averaging,
signal trace conversion and normalization to truncated
sine wave, band-pass filtering and point-wise differential
phase extraction. Further details of our phase extraction
algorithm may be found in our earlier paper[8]. In order
to verify the performance of this system, we performed
a set of refractive index measurement experiments on
glycerin-water mixtures in various weight ratios.

The samples were glycerin-water mixtures with 0% to
16% of glycerin in weight percentage, which correspond
to a refractive index range from 1.3330 to 1.3521[9].
Figure 2 shows the measured SPR phase versus glyc-
erin concentration. As seen from the plot, we could
only observe approximately 50% of the maximum SPR
phase change across the SPR resonance dip. This is
because of the fact that our experiments started at the
minimum point of the SPR resonance dip, which was
halfway through the phase jump across resonance. The
system continuously shifted away from resonance as the
refractive index of the sample increased from 1.3330 to
1.3521. In order to calculate the best resolution limit of
our system, we use the first two data points from the
plot, which were obtained in the most sensitive region
(near the resonance dip). They correspond to two sample
mixtures, i.e. pure water and 0.05% glycerin in water,
with a change of refractive index equivalent to 6 × 10−5

RIU and a SPR phase change of 32.12◦. Moreover, as
shown in Fig. 3, the system stability was also moni-
tored and we obtained a phase measurement fluctuation
of ±0.0028◦ (root-mean-square) or 0.013◦ (peak-to-peak)

Fig. 2. Variation of relative differential phase (reference to
pure water) versus glycerin concentration.

Fig. 3. System stability measurement over 45 min.

within 45 min. It should be mentioned that the sta-
bility of the present system is significantly better than
that reported from a similar LCM-based setup[4], which
is around 0.1◦ (peak-to-peak). Using ±0.0028◦ as the
baseline of our system stability, the calculated resolution
limit is ±5.2 × 10−9 RIU.

A single-beam self-referenced phase-sensitive SPR sen-
sor based on differential measurement between the probe
and reference channels has been demonstrated. In or-
der to address the limitations of LCM as a retardation
modulator, we proposed two simple techniques to im-
prove its modulation range and stability, i.e., the use of
multi-pass beam-folding device and active temperature
control. Since both s- and p-polarization traverse an
identical path in the system, the signal generated from
direct interference between them will eliminate unwanted
common-mode errors not related to the shift in SPR con-
dition. Moreover, errors due to temperature dependence
and nonlinearity of the LCM can also be removed by
taking the differential change between the probe and ref-
erence signals obtained immediately before and after the
sensor head. The experimental resolution limit of our
system is estimated to be ±5.2 × 10−9 RIU.
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