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Introduction and principle of operation

dPCR is a well-established and powerful technique but there remains 

a need to reduce the read time for the very large, multispectral droplet 

count necessary for serial measurement. This applies particularly for the 

detection of rare mutants and diagnostic applications. There is also an 

emerging requirement for the spectral analysis and characterisation of 

single cell, picodroplet assays.

In response Cambridge Consultants has developed a 
Fourier transform spectrometer (FTS) using pixelated array 
detection suitable for the high throughput measurement of 
the fluorescent (FX) spectra of small droplets. This exploits 
the intrinsic efficiency of this class of spectrometer [1, 2] 
and introduces the following features:

 � Spectral resolution typically in the range 5 to 10 nm 
for relatively short lengths of detector array (~3 mm) 
increasing to ~2nm for extended lengths of array

 � Time delayed integration (TDI) detection with short 
integration times and increase in SNR

 � Scope for multiplexed operation over multiple input 
flow channels or cell arrays

 � No moving parts in the interferometer at the core of the 
spectrometer enabling monolithic fabrication 

 � Flexibility with spectral measurement unconstrained by 
fixed band pass filters

The above combine to enable stable, high throughput 
spectroscopic droplet measurement at low levels of excited 
fluorescence as discussed in the following sections.

In FTS, spectra are derived from the Fourier transform 
(FT) of the interference pattern detected as the relative 
path length between the two interfering beams formed 
from the incident light varies about zero [1, 2]. This path 
length variation may be introduced by either moving one 
component of the interferometer (mechanically scanned 
FTS) or generating a fixed variation in relative path length 
with respect to the co-ordinate across the interfering 
wavefronts (static FTS). In mechanically scanned FTS 
large path lengths may be generated which enables high 
spectral resolution measurement but at relatively slow 
rates imposed by the high-precision, mechanical motion 
required. In static FTS the fringe field is detected by a 
pixelated array which, whilst limiting the spectral resolution 
(equation 2), eliminates the need for moving parts and, 
critically, is compatible with high-speed (Sections 2.4), 
low-to-medium-resolution spectroscopy (Sections 2.1 to 
2.3 and Section 3.3 for extension to high resolution). 
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Figure 1: A static FTS based on a conventional Michelson interferometer geometry. The fluorescent light field emitted by the droplet is transformed to a linear 

fringe field as a result of the spatial variation in the path length Δp(x) introduced by the angular tilt θ between the fixed mirrors M1 and M2. An image of the 

resultant fringe field extending over a length la is formed in the plane of the pixelated detector array DA, of total length La, by the input and output lens L1, L2. 

The spectrum of the input light source is derived from the apodised FT of the detected fringe field [1, 2].
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System design and performance

The design of the multi-channel FTS and its mode of 
operation are described in Section 2.1 and analysed in 
Sections 2.2 and 2.3 in order to determine the performance 
parameters summarised in Section 2.4. 

System design

The FTS system layout for single to multi-channel operation 
is shown schematically in Figure 2 for a three-channel 
system. In a given channel (see also Figure 3) the individual 
fluorescent droplets flow parallel to the y axis at velocity 
vy with the individual channels located at a separation cx 

along the x axis. The fluorescent excitation (shown in green) 
propagates parallel to the z axis and illuminates the flow 
channel width wx over a height hy (Figure 3) where wx is 
equal to the droplet diameter df. The fluorescent spectral 
power Pf(λ) excited in the droplet is distributed over 4π str 
and is collected by the spectrometer over a solid angle Ωc 

defined by the numerical aperture (NA) of the input optics 
IO. The resultant fluorescent spectral power collected by the 
spectrometer Pcf (λ) is given by,

 (1)

where,

αx,y : detection angle about x and y axes (Figure 3)

The collected light passes through the interferometer 
I and is imaged in the detection plane of the time-delay 
integration (TDI) camera by the detection optics DO. IO and 
DO work in combination to form discrete fringe fields F1, F2, 
F3 corresponding to the individual input channels C1, C2, 
C3. These fringe fields have the same form as those shown 
in Figure 1 and propagate parallel to the vertical y axis at 
a velocity myvy where my is the magnification of IO, DO in 
the y axis and vy the droplet flow velocity. This motion of 
the fringe fields enables the TDI integrative process and 
the related increase in the signal-to-noise ratio (SNR) of the 
detected fringe fields (Section 2.3). The spectrum Pn(λ) of 
the light emitted is then derived from the FT of the fringe 
field for the corresponding channel.
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Figure 3: Illumination and FX detection geometry for adjacent channels Cn, Cn+1, separation Cx

 
Spectral resolution and optical efficiency

The pixelated sampling of the fringe field by the detector 
array results in a spectral resolution Δλ given by,

(2)

where,

(np)t : total number of pixels within the array length la  
over which the fringe field is detected

and,

(3)

where,

px : pixel width

λmin is equal to the wavelength for which the fringe 
spacing Δxf (= (λ/2)tanθ, Figure1) is equal to 2px and  
Δλmin =2λmin/(np)t corresponds to the Nyquist limited resolution 
that results from the fringe field sampling.

A combination of maximum resolution and signal to noise  
ratio (SNR) is achieved by

 

a. Operating at the Nyquist limit for the shortest wavelength 
it is required to measure

b. Limiting the total length of the fringe field detected in 
the array (la) to that corresponding to the path length 
±Δp = ±lc, where lc is the coherence length of the source 
and,

(4)

 
	 Δλw : FWHM spectral width of the source

(a) maximises the total fringe number (np)t (equation 2) 
within the detection length la for the specified minimum 
wavelength, λmin. 

(b) prevents the detected fringe field from extending beyond 
the point where there is useable fringe contrast hence 
defining the minimum length (la)min within the array over 
which the fringe field is detected hence maximising the 
intensity of light per pixel. It follows from (a) and (b) that:

(5)
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where,

(nf)t : the total number of fringes within la at the minimum 
wavelength

At the Nyquist limit each of the above fringes extends across 
two pixels and within these constraints (la)min is given by,

(6a)

and

(6b) 

Parameter Value Notes

λmin 400 nm Typical FX 
spectra

λmax 800 nm Typical FX 
spectra

Δλw 30 nm Typical FX 
spectra

lc 24 µm Equation 4, λ = 
600 nm

la 2.88 mm Equation 6a

px 12 µm TDI pixel 
dimension

(np)t 240 Equation 6b

Δλ (at 400 nm) 3.3 nm Equation 2

Δλ (at 800 nm) 13.2 nm Equation 2

Table 1: Summary of FTS parameters

Typical operating parameters for the FTS based on the 
above analysis are summarised in Table 1. The fringe field 
width (la) of 2.88 mm offers significant scope for channel 
multiplexing within the total width La of the TDI (~25 mm). 
It is important to note however that the maximum number of 
channels will in practice be limited by the limiting numerical 
apertures (NA) of IO and DO rather than the latter.

It is useful to compare the efficiency of the above FTS 
with that of a dispersive spectrometer (i.e. grating or prism 
based) with the same resolution. The length of the dispersive 

spectrometer detector array (la)d required to achieve the 
same limiting spectral resolution as the equivalent FTS is 
given by,

(7)

where the d, f subscripts correspond to the value for the 
dispersive and FTS spectrometers. The ratio of the optical 
efficiency of the FT (Ef) and dispersive spectrometer (Ed) is 
then given by,

(8)

(la)f is calculated from equation 7 and it is assumed that 
both system have the same light collection NAs and image 
heights in the y axis. For a dispersive spectrometer the 
spectral resolution Δλd may be calculated to a first order 
from the following equation [3],

(9)

 
where,

RF : resolution factor

ws : input slit width

RF depends upon the value of ws/px, where for droplet 
measurement ws equals the droplet diameter dp. RF 
decreases to a limiting minimum value of ~1.5 for ws = 4px. 
(Δλ)dmin calculated from equation 9 for RF = 1.5, dp = 100 
µm and px = 12 µm (c.f. Table 1) is 20 nm. It follows from 
equation 7 that the FTS (i.e. as defined in Table 1) is ~6x 
more efficient than the equivalent dispersive spectrometer 
i.e. the latter requires a fringe field detection length of ~18 
mm to achieve the same resolution. Although this advantage 
is significant and essential to channel multiplexing, the FT 
spectrometer spectral resolution is reduced by the effects 
of fringe envelope apodisation required for the FT process 
(Section 2.3), at longer wavelengths by the λ2 factor in 
equation 2, and a dispersive spectrometer transmission 
greater than the maximum interferometer transmission of 
0.5.

TDI detection and SNR

The required SNR is a key factor in defining the achievable 
speed of the system. Considering shot noise and read noise 
only, the SNR from a detector having collected a given 
number of electrons is,

  (10)

(la)min =
4pxlc
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,
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(la)min
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.
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where Ne is the number of electrons and σread is the standard 
deviation of Ne. As can be seen, in order to achieve a certain 
minimum SNR, a minimum number of electrons must be 
collected by the detector. In a semiconductor detector, the 
number of collected electrons is,

 (11)

where pp is the incident optical power per pixel, R is the 
responsivity of the detector, Te is the exposure time and qe 
is the electron charge. With all other parameters, including 
incident power, considered constant, the number of 
electrons collected is a direct function of the exposure time. 

In a conventional full-frame imaging detector, all pixels are 
exposed during the exposure time, and then read at once. 
This fundamentally limits the speed of the system, as each 
droplet needs to be exposed to the detector for a certain 
minimum time.

When imaging a linearly moving target, as is the case in our 
system, TDI detectors can increase the achievable speed 
by spreading the exposure time over several imaging lines. 
Instead of exposing a full frame and reading it immediately, 
the charge collected in each pixel during an exposure is 
transferred to the next line, where further charge is collected 
in the next exposure. Charge is only read out once it has 
passed through all lines of the detector. 

If this charge transfer between lines is synchronised with 
the moving target, the charge moving between detector 
elements is always associated with a specific part of the 
image. Hence, the association between image and pixels is 
retained throughout the transfer of charge across the sensor 
area. Figure 4 illustrates how this accumulation of charge 
over several lines results in an effective multiplication of 
the exposure time by the number of lines. Subsequently, to 
collect a given number of electrons and to achieve a given 
SNR, the exposure time can be reduced compared with a 
full-frame imaging sensor.

Effects of FFT on noise

If pixel noise is assumed to be spatially white and independent 
(i.e. there are no camera artefacts) then it is spread evenly 
over all the FFT bins which will dilute it. Let us assume the 
pixel noise is σx and that the signal at wavenumber k has 
amplitude ax. When we conduct the FFT, the amplitude at 
±k is ax/2 after normalising by a factor of np. If we fold the 
negative half of the FFT over the ak amplitude at k becomes 
simply ax. Similarly the expected contribution to any FFT bin 
from the noise is zero with standard deviation σx/√(np). Upon 
folding the spectrum this doubles and the noise in each FFT 
bin σk is 2σx/√(np). After taking the absolute value, the mean 
noise observed is σx√(π ⁄np). The effective noise floor will be 
about three times this value. To convert to σλ noise values 
must be multiplied by λ2⁄2π as standard.
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Figure 4: Diagram of the TDI process.

Ne =
PpRTe
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Effects of apodisation on resolution and side lobe 
attenuation

Apodisation supresses side lobes and improves stop band 
attenuation to produce a cleaner spectrum, at the expense of 
slightly reducing the spectral resolution. As the apodisation 
window reduces the total power passing through, all 
reported powers are scaled down slightly. The performance 
of different apodisation windows is shown in Table 2. 

Window FWHM/

spectral 

resolution 

(in FFT 

bins)

Equivalent 

Noise 

Bandwidth

Min Stop 

Band 

Attenuation 

(dB)

Max Stop 

Band 

Attenuation 

(dB) 

np=800

Rectangular 

(no window) 1.21 1 11 32

Triangular 1.77 1.33 13 33

Hamming 1.82 1.37 27 42

Blackman 2.30 1.73 38 85

Gaussian 

(σ=np/3)
1.67 1.45 13 36

Gaussian 

(σ=np/10)
3.75 2 75 85

 

Table 2: Performance summary statistics for some popular windowing 

functions. The spectral resolution from equation 2 should be multiplied by 

FWHM column 2. Equivalent bandwidth states the bandwidth for an ideal 

rectangular window with the same peak gain required to pass the same 

power with white noise input. The attenuation figures, which are indicative of 

the side lobe suppression and out of band rejection, are half of what would 

normally be quoted as the FFT output is not squared to get power in FTS.

 
The most appropriate apodisation depends on the signal 
of interest. A rectangular window gives the best spectral 
resolution for two peaks of similar strength that are very 
close. However, in situations where there are multiple peaks 
with a high dynamic range, the significant improvement in 
out-of-band rejection provided by apodisation makes up for 
the slight broadening of peaks. This is illustrated in Figure 5 
and Figure 6.

Figure 5: Plot showing that significant broadening of the primary peak from 

apodisation with a Blackman window results in loss of spectral resolution 

and failure to resolve the two spectral lines that are close together. The input 

signal used here is 5+1sin(2π0.1x)+ 0.8sin(2π0.102x)+N(μ=0,σ=0.01).

Figure 6: Plot showing that without apodisation heavy side lobes can mask 

smaller peaks in their wings. The input signal used here is 5+1sin(2π0.1x)+ 

0.01sin(2π0.12x)+N(μ=0,σ=0.01).
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System performance for high throughput measurement

As shown in section 2.3, the required exposure time, and 
hence the achievable throughput, depends on the incident 
optical power as well as the desired SNR. This relationship 
is illustrated in Figure 7.

Figure 7: Graph of droplet throughput against the product of incident power 

and fluorophore concentration for a range of desired SNRs.

 
It shows the achievable throughput for a desired SNR and 
a given product of incident optical power and fluorophore 
concentration using the model of the optical system 
described in section 2.3 at a wavelength of 700 nm, a 
detector quantum efficiency of 90%, a collection NA of 
0.3 (αx,y, equation 1) and a reference fluorescent power of 
70 pW distributed over 4π str. The latter is derived from 
reference data for an FX power of 4.4 pW collected over 
an NA of 0.5 from an 80 μm3 droplet containing a 1 nM 
flourophore label concentration and excited by an irradiance 
of 1 W cm-2. The model also includes a loss factor of 0.5 to 
account for transmission through the interferometer.

The SNR figures used in this plot refer to signal and noise at 
the detector, as established in section 2.3. The total noise 
power does not change by obtaining the spectrum through 
FT, and hence this is also the SNR figure of the spectrum. 
If it is known in which bins of the FT the signal components 
are located, bandpass filtering can be applied to reduce the 
total bandwidth and hence the noise power without affecting 
the signal power. Thus, an increased SNR or throughput can 
be achieved. 

Experimental demonstration of imaging 
FT spectrometer
The static and dynamic performance of a prototype imaging 
FT spectroscopy based on the configuration shown in Figure 
2 has been conducted using a combination of LEDs coupled 
into oscillating fibres and flowing droplets containing Nile 
red fluorescent beads. A TDI camera was used to integrate 
the fringe fields generated by the moving sources.

Spectroscopy of static and moving LEDs

A preliminary evaluation of the static and dynamic 
spectroscopic performance was conducted using two fibre-
coupled LED light sources centred at 455 nm and 660 nm. 

a. Static measurement

The results for above sources when held static are shown in 
Figure 8. In these initial experiments the system was set to 
give ~8 pixels per fringe at the lower 455 nm wavelength 
(~4x greater than the Nyquist limit) for an array measurement 
length, la, of 600 pixels. Under these conditions the mean 
spectral resolution is ~10 nm which is consistent with the 
mean resolution of ~8 nm calculated from the results in 
Table1 for Nyquist limited operation over a spectral range 
of 400 nm to 800 nm with la = 240 pixels. These pixel 
numbers are representative of those available per channel 
when imaging multiple input sources and the spectral 
resolution attainable using current TDI cameras.

b. Dynamic measurement

The spectrometer’s dynamic spectral imaging was tested 
at 660 nm with an optical fibre mounted on a piezo-
actuated stage. The fibre was translated linearly across the 
spectrometer’s field of view using a saw-tooth wave to drive 
the stage at a frequency of 75 Hz. This simulated a flow 
of droplets moving with constant velocity across the field 
of view. The results of this test are shown in Figure 9 and 
confirm the feasibility of dynamic spectral measurement 
using TDI detection. 
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Figure 8: Observed fringe fields of a single blue LED (a), a superposition of a blue and a red LED (b), and a single red LED (c). Extracted interference patterns of 

each fringe field (d) are Fourier transformed to compute the illumination spectra (e), showing the presence of both LED wavelengths.

Figure 9: TDI images of the interference patterns of a fibre-coupled red LED while held stationary (a) and while oscillating in a 75 Hz saw-tooth pattern (c) to 

mimic flowing fluorescent droplets. Corresponding spectral images (b, d) demonstrate both the fibre spectra and motion over time.

Figure 10: Micrographs of picodroplets with encapsulated fluorescent beads showing the droplet generating process under normal lighting conditions (a) and with 

fluorescence (b), and droplets moving through the imaging channel (c).
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Droplet generation and spectroscopy of moving droplets

A microfluidic test rig that created picodroplet emulsion 
with encapsulated fluorescent beads was built to test the 
full fluorescent imaging chain, thus simulating the real-life 
application of the spectrometer. Fluorescent beads were 
encapsulated in droplets, shown in Figure 10, which were 
then transported in a channel across the imaging optics 
and fluorescent spectra collected. Nile red fluorophore was 
chosen for optimum excitation by the 532 nm laser and for 
maximum visibility through the dichroic filter.

TDI interference patterns and computed spectral images of 
fluorescent beads contained in the droplet flow are shown in 
Figure 11 with extracted spectra shown in Figure 12.

Figure 11: TDI imaged interference patterns of multiple moving droplets 

containing fluorescent beads (a) and their corresponding spectra over time (b).

Figure 12: Fourier transform spectroscopy of fluorescent beads suspended in 

microfluidic droplets. Integrated interference pattern of a droplet flow (a) with 

corresponding spectra (b).

Extension to high-resolution and Raman spectroscopic 
applications

The low spectral resolution measurements demonstrated 
above are ideally suited for high-throughput fluorescent 
measurements. However, highly multiplexed spectral  
analysis of many chemical species or label-free spectroscopy 
requires the application of techniques such as Raman 
spectroscopy. Two of the key requirements for Raman 
spectroscopy are efficient light collection and a high 

spectral resolution as spectral peaks can often be spaced 
close together with individual line widths of around 1 nm. 
High resolution performance can be achieved in the current 
spectrometer design given that the longer coherence length 
of narrow band sources (equation 4) will enable the total 
number of pixels, (np)t over which the fringe field is detected 
to be increased, resulting in a higher resolution in accordance 
with equation 2. Within these constraints, the resolution 
limit will depend on the pixelated detector characteristics. 
Although the extension of the array length (la) required for 
higher resolution will limit the number of channels and their 
throughput, it does enable operation in a resolution domain 
that overlaps with that of the mechanically scanned FTS with 
the combined advantages of high speed and no moving parts 
as discussed in section 1. In addition, spectral resolution can 
be improved by increasing the pixel density of the detector 
array over which the interference pattern is recorded. The 
cost associated with this increase in pixels is minimal as 
miniaturised, high-pixel-density CCDs and CMOS chips are 
readily available. The results presented below demonstrate 
the potential of extending the current design for use in high-
resolution applications such as Raman spectroscopy and 
related applications.

A simple demonstration of this higher resolution capability has 
been performed by replacing the TDI camera with a standard 
camera and imaging only a single channel. White light is 
coupled into the spectrometer via an optical fibre followed by a 
range of narrowband filters between 600 and 800 nm. Using 
a standard scientific camera (Andor Zyla sCMOS), interference 
patterns were recorded over 1800 pixels yielding spectra with 
a 2.2 nm spectral resolution, as shown in Figure 13. It should 
be noted that further de-magnification of interference patterns 
to the limiting Nyquist frequency could be used to increase the 
resolution close to 1 nm.

Figure 13: Interference patterns (a) and computed spectra (b) of both 

unfiltered and narrowband filtered white light, recorded using a larger number 

of pixels (1800) to produce a 2.2 nm spectral resolution.

Upgrading the pixelated detector and optimising of the 
spectrometer in this manner will enable efficient Raman 
spectroscopy with a minor increase in overhead costs, 
providing a versatile range of options for each application.
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Discussion

The analysis and results presented in this paper demonstrate 
the general feasibility of using static, imaging FTS based on 
pixelated array detection for dynamic spectroscopy. 

In particular it is shown that, in the case of droplet FX 
measurement, the combination of the relatively low spectral 
resolution required combined with TDI detection provides a 
route to high-throughput measurement. This is quantified by 
the graph shown in Figure 7 which defines the throughput at 
different SNR values as a function the product of incident 
optical power and concentration of fluorophores per droplet 
(W.nmol). This graph enables the spectrometer performance 
to divided into two categories: 

a. low dynamic range (SNR), high concentration, high 
throughput 

b. high dynamic range (SNR), low concentration, medium 
to low throughput

(a) and (b) above map approximately into dPCR and analogue 
qPCR applications respectively. For example, for dPCR, 
droplet throughputs in the range 104 to 105 s-1 per channel for 
an incident optical power of 100-200 mW are feasible due 
to the relatively high maximum fluorophores concentrations 
(~100 nM) and background (~10 nM) that enable operation 
with a dynamic range (SNR) ~10 and a W.nmol product of 10 
to 20. In the case of qPCR the noise limited resolution may 
be of the order 0.1 nM with a maximum concentration 10 nM 
corresponding to a dynamic range (SNR) of 102, a W.nmol 
product 1 to 2 and a throughput in the range 102 to 103 s-1.

For a given application it is important, however, not to 
consider droplet throughput in isolation. The latter should be 
balanced against advantages that may result from full band, 
as opposed to discrete filtered, spectral measurement. Full 
band spectral measurement has, for example, the potential 
to increase significantly the number of spectral codes that 
can be measured simultaneously. Reduced throughput 
can also be mitigated by operation over multiple parallel 
channels (typically 3 to 5) and an increase in optical power. 

The results in section 3.3 which demonstrate the ability 
to perform measurements at higher spectral resolution 
are encouraging and are currently being investigated for 
application in the general spectral analysis of droplets, in 
particular Raman spectral measurement. 

Further work is also focused currently on the optimisation 
of the multichannel optics and monolithic interferometer 
manufacture.
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