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Abstract 

We present the realization of a bulk optics birefringent Solc filter in a reflective geometry. 

This geometry reduces by half the number of required retarders, ensures the same 

spectral retardance function in pairs of retarders, and helps to make more compact 

filters. The key element is a quarter-wave Fresnel rhomb located in between the set of 

retarders and a mirror. Two cases are considered: the first Solc filter uses multiple-order 

quartz retarders, and the second one uses two liquid-crystal retarders. The latter has 

the advantage of being tunable via an applied voltage. Experimental results show how 

to filter the spectral content of a supercontinuum laser. 
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1. INTRODUCTION 

Solc filters [1,2] are classical birefringent filters composed of a stack of identical 

retardation elements with orientations defined according to the number of retarders 

included in the filter. There are two classes [3]: a) folded Solc filters, where the set of 

retarders has the same, but alternating orientation and is sandwiched between crossed 

polarizers, and b) fan Solc filters, where the retarders orientation progressively increases 
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in a fixed angle and the set of plates is sandwiched between parallel polarizers. They can 

be generated either with bulk optical retarder elements or with fiber optics components 

[4]. Their wavelength-filtering characteristics are based on changing the state of 

polarization of light through the spectral retardance of the birefringent plates, which is 

given by =kΔnˑd, where k=2π/λ=2πf/c is the wavenumber (f denotes the frequency, λ 

the wavelength and c the speed of light), Δn=ne−no is the birefringence of the anisotropic 

material (ne and no are the extraordinary and ordinary refractive indices), and d is the 

thickness of the plate or the length of the fiber. 

Therefore, considering the relative orientation of the input and output polarizers, 

the retardance achieves the condition for maximum transmission only at certain 

wavelengths and the Solc filter acts as a selective spectral filter. For instance, the 

spectral maxima in folded Solc filters occur at wavelengths where the retardance equals 

an odd integer number of π radians, i.e., whenever the plates are half-wave retarders 

(HWR) [3]. The free spectral range (FSR), i.e., the separation between two consecutive 

maxima, is fixed by the plates and, when expressed in frequencies, is given by 

FSR=Δf=c/Δnˑd. The width of these transmission peaks is reduced as the number of 

retarders composing the filter increases. 

Despite being classical long established designs, Solc filters continue to be very 

useful elements. Recent studies include their low-cost production by using commercial 

cellophane tape [5], the generation of fast tunable filters by employing electro-optic 

retarders [6], which can be integrated in a waveguide [7,8], their combination with other 

filters to generate tunable narrow-band filters [9], or their realization with polarizing 

maintaining fibers, in order to build optical fiber sensors [10,11]. And other related 

birefringent filter designs have been theoretically demonstrated [12-14]. 

In all cases, a crucial aspect for the success in the realization of the filter is that 

all the retarders must exhibit the same spectral retardance function. Otherwise, the 

retardance mismatch for the design wavelength prevents the maximum transmission of 

the filter. This is why all the plates composing the filter must be made of the same 

material; but even then small differences in the retarder thickness (or length, if it is a 

fiber) results in the failing operation of the filter. 



In this paper we demonstrate the experimental realization of a bulk optics Solc 

filter generated in a reflective geometry. This geometry presents advantages since the 

same retarders are used twice, thus doubling the effective number of retarders in the 

filter and ensuring the same spectral retardance function. A reflective geometry was 

proposed for Lyot filters in Ref. [15]. And a reflective geometry for Solc type filters was 

proposed previously in Ref. [13], although its experimental realization was not reported. 

The key element in our experimental system is a Fresnel rhomb quarter-wave retarder 

(FR-QWR) placed in between the mirror and the set of retarders. The combination of a 

QWR and the mirror acts as a special element sometimes called a polarization 

conversion mirror (PCM) [16], which has demonstrated to be useful for the realization 

of polarization-independent tunable filters [17]. Our novel proposal of using an FR-QWR 

allows producing such PCM, but in a very wide spectral range. This way it is possible to 

generate a reflective Solc filter that uses the same series of retarders directly in a 

double-pass geometry.  

After this introduction, the paper is organized as follows: Section 2 presents the 

description of the optical system and its mathematical treatment. Then, Section 3 

presents the experimental system and experimental data for two different Solc filters, 

one based on multiple-order quartz retarders, and the other based on tunable liquid-

crystal retarders. Finally, Section 4 contains the conclusions of our work. 

 

2. OPTICAL SYSTEM 

Figure 1 shows a scheme of the optical system. It consists in a beam-splitter, a chain of 

retarders, and a mirror. The figure illustrates a folded Solc filter, with only a single couple 

of retarders, the first with orientation +ρ and the second with orientation –ρ. The beam-

splitter ideally could be a polarizing beam-splitter (PBS). In our case, however, since a 

PBS covering the entire experimental spectral range was not available, we selected a 

non-polarizing beam-splitter (NPBS) and employed two linear polarizers at the input 

(LP1) and output (LP2). Finally, a FR-QWR was placed in between the set of retarders 

and the mirror. The input and output reference frameworks are indicated in the figure. 

And the s and p polarization components are parallel to the x (vertical laboratory axis) 

and y (horizontal laboratory axis) directions. 



 
Fig. 1. Optical system. NPBS: non-polarizing beam splitter; LP: linear polarizers; FR: Fresnel rhomb quarter-
wave retarder. 

 

In order to mathematically describe the system, we follow the Jones matrix 

formalism, adapted to reflective polarization devices as presented in Ref. [18]. This 

formulation allows not only the physical explanation of the system, but also the 

numerical calculation of the filter’s transmission. Following this formalism, if Mr  

denotes the usual Jones matrix of a given retarder operating in transmission, the same 

retarder operating in the backward passage after a reflection is described by the Jones 

matrix product JJMt
  where )1,1diag( J , and t denotes the transposed matrix [16]. 

The linear retarder Jones matrix is given by Mr =R(-r)M0R(+r) , where 

M0 =diag(1,exp(if)),  is the retardance and )(R  the 2×2 rotation matrix. The mirror 

and the ideal NPBS are described within this formalism with a J  matrix.  

For the sake of clarity, Fig. 1 shows the Jones matrices of the optical elements: 

in the upper arrow, those related to the forward passage of light through the 

birefringent elements; and in the bottom arrow those corresponding to the backward 

passage. Therefore, the Jones matrix sequence for the reflective system in Fig. 1, when 

the FR-QWR is absent, is given by the following Jones matrix product: 

        MMJJJMJJMJM tt
ref . (1) 

This matrix accounts for the system of retarders (the two linear polarizers in Fig. 1 are 

not included). Taking into account that Mr
t =Mr  

and J2 = I  (the identity matrix), the 

above equation simplifies to: 



    MMMMMref . (2) 

Note that this is not the correct sequence for the folded Solc filter, since the two last retarders 

have the opposite orientation. 

 The solution to this issue is the use of a PCM [16]. In our case, we require a wavelength-

independent PCM that works in a wide operating spectral range. This is why we use a FR-QWR. 

Fresnel rhombs are retarders with almost wavelength independent retardance, since their 

retardance is not based on birefringence but on the phase difference upon total internal 

reflection between the s and p polarization components [19]. The FR-QWR is placed behind the 

set of retarders composing the Solc filter and before the mirror (Fig. 1). Since light passes twice 

through the rhomb, it therefore acts as a HWR for all wavelengths. This HWR induces the 

polarization transformation required to produce the folded Solc filter geometry. The 

combination of the rhomb and the mirror produces a wavelength-independent PCM. 

 Therefore, the introduction of the FR-QWR in the system modifies Eq. (1) as follows: 

          MMQWRJJQWRJJJMJJMJM ttt
ref , (3) 

where )diag(1,iQWR  stands for the aligned quarter-wave retarder. Thus, taking into 

account that QWRJQWRJ  t
, and IQWRJQWR  , Eq. (3) can be simplified as 

        MMJJMJJMJM tt
ref , (4) 

Finally, this sequence can be further simplified taking into account again that JMr
t J=M-r , and 

the result is now: 

    MMMMJMref . (5) 

Notice that now the orientation angle of the retarders alternates the sign in a correct sequence. 

The final Jmatrix in Eq. (5), which corresponds to the reflection at the NPBS, acts as a HWR 

oriented at zero degrees, which could be compensated with a HWR Fresnel rhomb retarder. 

However, since the Solc filter operates with a final polarizer aligned with this retarder, this 

compensation is not necessary to achieve the same intensity transmission.  

 We note that the role of the FR-QWR element in our bulk optics filter can be regarded 

the role of a circulator-loop in a fiber optic birefringent filter [20]. 

 



3. EXPERIMENTAL RESULTS 

3.1. Experimental system 

Let us now describe the experimental system and show the effect of the FR-QWR as mirror 

compensator. A supercontinuum laser from Fianium, model SC400 is used as the light source. 

We use two Glan-Taylor polarizing cubes from Edmund Optics that exhibit good extinction ratio 

in a wide spectral range, and a NPBS from Thorlabs, model BS013, which was verified to not 

introduce additional polarization or spectral effects. Finally, the output beam is captured with a 

STN-F600-UVVIS-SR optical fiber connected to a VIS spectrometer from Stellar-Net, STN-BLK-C-

SR, which measures the spectrum from 200 nm to 1080 nm. 

 Figure 2(a) shows the result of a first experiment that verifies the actuation of the FR-

QWR in the system. The two polarizers were set parallel, both oriented at 45º with respect to 

the vertical laboratory framework. No set of retarders was included in the optical system. The 

blue curve shows the spectrum captured with the spectrometer. We select the spectral range 

in between 500 nm and 800 nm, where there is enough light emission from the laser and the 

NPBS works properly. The results are given directly in counts of the spectrometer. The captured 

spectrum basically reproduces the supercontinuum laser emission spectrum. Note that the 

input light beam is reflected back with the same polarization and therefore it is fully transmitted 

by LP2. 

 Next the FR-QWR is introduced in the system, with the principal axis oriented at zero, in 

order to generate the PCM for all wavelengths. We used a FR-QWR from Thorlabs, model 

FR600QM. We verified a transmission of more than 93% of the laser light intensity when passing 

through the rhomb. Now the spectrum in Fig. 2(a) (red curve) is zero for all wavelengths. Note 

that a retardance dispersion in the QWR would prevent the realization of this broadband 

transformation. 

 

3.2. Solc filter with quartz retarders 

For the next experiment we use two identical multiple-order quartz plates, designed as QWRs 

for the wavelength of 633 nm. Multiple-order plates exhibit large retardance dispersion that can 

be exploited in birefringent filters [21]. In order to calibrate their spectral retardance, we 



introduced them in the system. Figure 2(b) shows the spectrum measured with the same 

system settings (LP1 and LP2 both oriented at 45º, and FR-QWR oriented at zero). 

 But now one of the quartz retarders is placed in between the NPBS and the FR-QWR. 

The quartz retarder is also oriented at zero. In this situation, the transmission of the system is 

given by [22,23]: 

 )])(2([cos)(
2
12  T . (6) 

where f(l) is the spectral retardance of the quartz retarder (the factor 2 is due to the 

double pass through the retarder, and the additional π term is the retardance due to 

the FR-QWR). Since the retardance of the multiple-order retarder varies rapidly with 

wavelength, typically as f =kΔnˑd, the spectrum in Fig. 2(b) displays the characteristic 

oscillatory pattern [24]. We verified that the second quartz retarder exhibits equivalent 

oscillatory spectrum, thus providing identical spectral retardance. 

 

Fig. 2. (a,b) Spectral intensity T(λ) measured with LP1 and LP2 oriented at +45º. (a) Without any retarders-chain, with 
and without FR-QWR. (b) With one quartz multiple-order retarder and the FR-QWR. (c) Spectral intensity for the Solc 
filter with N=4 using just two retarders. 

 



Note that whenever the plate retardance reaches an integer number of π radians 

a minimum of the transmission curve T(λ) in Fig. 2(b) is obtained. The condition for a 

maximum transmission in the Solc filter is half-wave retardance. Thus, when these 

plates are used to build such a folded Solc filter, the maxima should be located at these 

wavelengths where the minima in Fig. 2(b) are observed, but only in every other 

minimum. The arrows in bottom of Fig. 2(b) indicate the minima corresponding to 

retardances that are odd integers of π radians. These values are verified in Fig. 2(c), 

where the folded Solc filter is generated. In this case, the two polarizers were oriented 

at 0° and 90°, respectively. The orientation of each retarder element in the folded Solc 

filter [3] is given by θn=(−1)nρ with n=1,2…, N number of elements, and 

 
N4


  . (7) 

Since we have two plates, the reflective geometry allows a Solc filter with N=4 elements, 

and the angle is ρ=11.25°. The captured spectrum in Fig. 2(c) shows the characteristic 

profile of the Solc filter. Note how the wavelengths where the maxima are located 

correspond to one out of two minima of the curve in Fig. 2(b). Also note the side-lobes 

characteristic of the Solc filter transmission. 

 

3.3. Tunable Solc filter with liquid-crystal retarders 

Once the reflective geometry was demonstrated, we were interested in making the Solc 

filter tunable. Therefore, tunable linear retarders were required. Liquid-crystal retarders 

(LCR) [27] are one very useful option. They have been used in a number of spectral 

birefringent filters, including tunable Lyot filters [25], or dynamic colour filters that 

combine cholesteric liquid crystal layers [26]. 

We used LCR fabricated at the Military University of Technology of Warsaw. They 

are two parallel-aligned nematic LCR devices that were prepared with polished Indium 

Tin Oxide (ITO) coated glass plates. Homogeneous planar alignment was induced on ITO 

by spin-coated polyimide SE-130 (from NISSAN Chemical Industries) followed by curing 

and antiparallel rubbing process steps. The thickness of the cells was kept about 5 μm. 

The cells were filled with Mix-3 high birefringent liquid-crystal material to produce a 

wide tuning range of the filter [28]. The effective retardance can be varied via an applied 



voltage. A DC balanced square voltage signal of 1 kHz was applied, and the peak-to-peak 

voltage (Vpp) controls the retardance, the greater Vpp the lower the retardance. Figure 

3 shows a picture of the optical system with the two LCRs. Note that they have been 

mounted onto rotatable mounts, and also note the inclusion of two iris diaphragms to 

help aligning the laser. The supercontinuum laser is kept with relatively low intensity, to 

avoid any possible damage of the devices. However, note that if high-power lasers were 

required, other alternatives could be used such as policryps liquid crystal retarders [29]. 

 

 

Fig. 3. Picture of the optical system for the Solc filter with two LCRs. 

We repeated the experiment described in Fig. 2(b) to calibrate the retardance of 

these two LCR devices without applied voltage. The devices were labeled as LCR-A and 

LCR-B. The results are shown in Fig. 4(a), where the retardance is indicated at some 

specific minima. These values were deduced by counting the minima that were observed 

in the curve as we increase the voltage [30]. Note the high retardance values obtained 

thanks to the use of a high birefringent liquid crystal (Δn is approximately 0.46 for 650 

nm) [28]. The curves in Fig. 4(a), although very similar, show that the retardance is not 

exactly the same for the two LCRs, probably due to a small difference in the LC layer 

thickness. This can be a major problem in the realization of a Solc filter. Fortunately, we 

can control the applied voltage to adjust the curves to reach the minima and maxima at 

the same wavelengths in order to provide the same spectral retardance in both LCRs. 

The reflective geometry helps to alleviate this problem: the same retardance is ensured 



in pairs of elements, since it is the same retarder that plays twice. The result in Fig. 4(a) 

indicates that the retardance of LCR-A is slightly greater than that of LCR-B.  

Therefore, a small voltage applied to LCR-A compensates for this extra 

retardance. As indicated in Fig. 4(a), increasing the Vpp applied to the LCRs moves the 

spectral oscillations to lower wavelengths, since the retardance is reduced. 

Figures 4(b), 4(c) and 4(d) show the spectral transmission of the Solc filter for 

different couples of voltages applied to each LCR. Again, since we use two retarders, we 

have N=4 and the rotation angle is ρ=11.25°. In Fig. 4(b) voltage is only applied to LCR-A 

to match the retardance of LCR-B. The transmission peaks of the filter are centered at 

550 nm and 640, i.e. the FSR is 90 nm in this region. The FWHM at these two bands are 

15 and 30 nm respectively. These peaks correspond to retardances 9π and 7π 

respectively in Fig. 4(a). The figure also includes a simulation of the Solc filter’s 

transmittance based on the spectral retardance deduced from the data in Fig. 4(a), 

showing very good agreement with the experimental transmission. 

In Fig. 4(c) the voltage is increased in both devices, in order to shift these 

retardance values to the wavelength in between: 7π at approximately 585 nm and 9π at 

approximately 515 nm. Therefore, now the peaks of the Solc filter are shifted to these 

wavelengths. Note that another peak enters the experimental spectral range from the 

right, corresponding to a retardance of 5π and yields another maximum at 

approximately 740 nm. 

Finally, in Fig. 4(d), the voltages applied to each LCR are augmented further in 

order to locate a maximum again at 550 nm, now corresponding to a retardance of 7π. 

Note how, because the voltages are greater and therefore Δn is lower, the next maxima 

to the right (corresponding to a retardance of 5π) is located at approximately 680 nm, 

thus providing a much larger FSR than the case in Fig. 4(b). Simulation results agree quite 

well with the experiments in all cases. These results thus confirm the effective 

realization of a tunable Solc filter in a reflective geometry. 



 

Fig. 4. (a) Spectral intensity measured with LP1 and LP2 oriented at +45º for LCR-A and LCR-B without 
applied voltage. And spectral intensity of the Solc filter with N=4 using two retarders with different 
voltages: (b) LCR-A 1.39V, LCR-B 0V; (c) LCR-A 2.47V, LCR-B 2.07V; (d) LCR-A 2.73V, LCR-B 2.32V. The value 
of the retardance of each LCR is indicated at the maxima of the Solc filters. 

 

4. CONCLUSIONS 

In summary, a bulk optics birefringent Solc filter that operates in a reflective geometry 

was experimentally demonstrated. This reflective geometry relies on the inclusion of a 

wavelength independent FR-QWR. The FR-QWR-mirror combination allows the 

reflective Solc filter geometry in a wide spectral range. Since light passes twice through 

each retarder in the filter set, the effective number of retarders is doubled and the same 

spectral retardance function is ensured in pairs of elements.  



We experimentally demonstrated the proposed system with static quartz plates, 

and also with tunable liquid-crystal retarders. We used the system to filter a 

supercontinuum laser source. In both cases we reproduced the characteristic spectral 

transmission of the Solc filter, and in the second case we were able to tune the 

transmission function.  

We expect that this geometry, which was demonstrated here with bulk optics, 

can also be implemented in compact integrated Solc filters and with other related 

birefringent filter designs. 
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