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We propose and demonstrate a novel approach to increase the effective bandwidth of a frequency-
modulated continuous-wave (FMCW) ranging system. This is achieved by algorithmically stitching to-
gether the swept spectra of separate laser sources. The result is an improvement in the range resolution
proportional to the increase in the swept-frequency range. An analysis of this system as well as the out-
line of the stitching algorithm are presented. Using three distinct swept-frequency optical waveforms, we
experimentally demonstrate a threefold improvement in the range resolution of a three-sweep approach
over the conventional FMCW method. © 2010 Optical Society of America

OCIS codes: 110.4500, 140.5960, 280.3640.

1. Introduction

The technique of optical frequency-modulated
continuous-wave (FMCW) reflectometry, also known
as swept-source optical coherence tomography
(SS-OCT) and optical frequency domain imaging in
the biomedical optics community, has found applica-
tions in lidar [1], biomedical imaging [2,3], non-
contact profilometry [4], and biometrics [5], due to its
high dynamic range and data acquisition that does
not require high-speed electronics [6]. The key
component of an FMCW experiment is the swept-
frequency (chirped) laser, since its performance di-
rectly affects important system metrics. Specifically,
the range resolution and the ranging depth are inver-
sely proportional to the laser frequency tuning range

and linewidth, respectively [6]. Mechanically tunable
extended cavity lasers with large frequency excur-
sions of about 10THz have been used in medical to-
mographic applications to achieve range resolutions
of about 10 μm [2,7]. However, linewidths of tens of
GHz, which are typical for such devices, limit ranging
depths to just a few mm. Moreover, the mechanical
nature of the frequency tuning limits the scan repe-
tition rate to a few hundred kHz. Commercially
available semiconductor laser (SCL) diodes, on the
other hand, offer superior sub-MHz linewidths, cor-
responding to ranging depths of a few hundred m,
and can be frequency tuned with current at rates
of a few GHz. The small size of such devices makes
them attractive for handheld applications, while
batch processing dramatically cuts production costs.
The drawback of SCL diodes is the comparatively
small tuning range of several hundred GHz at best.
In this paper we present a new approach, multiple
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source FMCW (MS-FMCW) reflectometry, which
combines multiple lasers in a manner that augments
the system total optical bandwidth to the sum of the
individual (laser) bandwidths and, thus, leads to a
corresponding decrease in the smallest resolvable
feature separation, while keeping the ranging depth
and scan speed unchanged. The key to this technique
is sweeping the sources over distinct, but adjacent,
regions of the optical spectrum, so as to approximate
a single sweep of greater bandwidth. A related meth-
od for range resolution improvement has recently
been reported [8], where the chirped sidebands of
the discrete frequencies radiated by a mode-locked
laser are combined using feedback to create a phase-
coherent continuous-frequency wideband chirp. In
contrast, this paper focuses on an analytical method
that can tolerate the presence of discontinuities in
the frequency sweep, enabling a significantly simpler
(and cheaper) combination of multiple sources for
resolution improvement.

2. FMCW Analysis

Consider the FMCW experiment shown in Fig. 1. If
the target consists of a single perfect reflector, the
system is equivalent to a Mach–Zehnder interferom-
eter (MZI). The goal of the measurement is to deter-
mine the time delay τ between the two arms, which
is linearly related to the target range. This is ac-
complished by exciting the system with a swept-
frequency source. For simplicity, we consider a laser
whose frequency changes linearly with time. In the
experimental section of this paper, this linearity is
imposed by a feedback system [9]. Additionally, we
assume that τ is much smaller than the laser coher-
ence time, so that any phase noise contribution may
be neglected. The normalized electric field of the
source is then given by

eðtÞ ¼ rect
�
t − T=2

T

�
cos

�
ϕ0 þ ω0tþ

ξt2
2

�
; ð1Þ

where T is the scan duration, ξ is the slope of the op-
tical chirp, and ϕ0 and ω0 are the initial phase and
frequency, respectively. The rect function is defined
by

rectðxÞ≡
8<
:

0; jxj > 1=2
1=2; jxj ¼ 1=2
1; jxj < 1=2

: ð2Þ

The instantaneous optical frequency is given by the
time derivative of the argument of the cosine in
Eq. (1):

ωðtÞ ¼ ω0 þ ξt: ð3Þ

The total frequency excursion of the source (in Hz) is
then given by B ¼ ξT=2π. The normalized photocur-
rent is equal to the time averaged intensity of the in-
cident beam and is given by

iðtÞ ¼ hjeðtÞ þ Reðt − τÞj2i

¼ Rrect
�
t − T=2

T

�
cos

�
ðξτÞtþ ω0τ −

ξτ2
2

�
; ð4Þ

where R is the target reflectivity, and no dc terms
were included. The averaging is done over a time in-
terval that is much longer than an optical cycle, yet
much shorter than the period of the cosine in Eq. (4).
As will become apparent later, it is convenient to
work in the optical frequency domain, so we use
Eq. (3) to rewrite the photocurrent as a function of ω:

yðωÞ≡ i

�ω − ω0

ξ

�

¼ Rrect
�ω − ω0 − πB

2πB

�
cos

�
ωτ − ξτ2

2

�
: ð5Þ

The delay τ is found by taking the Fourier trans-
form (FT) of yðωÞ with respect to the variable ω,
which yields a normalized sinc function, sincðxÞ≡
sinðπxÞ=πx, centered at the delay τ:

YðζÞ ¼ πBR exp
�
−j

ξτ2
2

�
exp½−jðζ − τÞðω0

þ πBÞ�sinc½Bðζ − τÞ�; ð6Þ

where ζ is the independent variable of the FT of yðωÞ,
and has units of time. In this paper we use capital
letters to denote the FT of the corresponding lower-
case function. Additionally, we only consider positive
Fourier frequencies since the signals of interest are
purely real.

The range resolution, a measure of the smallest re-
solvable feature separation in the axial direction, is
traditionally chosen to correspond to the coordinate
of the first null of the sinc function in Eq. (6) [10].
This happens at ζ ¼ τ þ 1=B, which corresponds to
a free space range resolution

Δd ¼ c
2B

; ð7Þ

where c is the speed of light. An equivalent metric of
the resolution of the FMCW system is the full width
at half-maximum (FWHM) of the sinc function, given
by

Fig. 1. Schematic of an FMCW ranging experiment: PD,
photodetector.
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FWHM ≈
3:79
πB ¼ Δd

7:58
πc : ð8Þ

Let us now consider the following view of an FMCW
imaging system. The target is characterized by some
underlying function of the optical frequency,
ytargetðωÞ, given by

ytargetðωÞ ¼
X
n

Rn cos
�
ωτn −

ξτ2n
2

�
; ð9Þ

where τn and Rn are the delays and reflectivities of
the multiple reflectors that comprise the target. In
deriving Eq. (9), we have assumed highly transpar-
ent reflectors (Rn ≪ 1) and ignored interference
between reflected beams. The range measurement
is then given by

yðωÞ ¼ aðωÞytargetðωÞ; ð10Þ
where aðωÞ is the rectangular window function, as in
Eq. (5). The function ytargetðωÞ contains all the infor-
mation about the target, and perfect resolution is
obtained if ytargetðωÞ is known for all values of the op-
tical frequency ω. The measurement in Eq. (10) gives
us partial information about ytargetðωÞ, collected over
the frequency excursion defined by aðωÞ, resulting in
a nonzero Δd.
We next develop the theory of MS-FMCW reflecto-

metry, in which multiple sources sweep over distinct
regions of the optical spectrum. The motivation for
this approach is that the use of multiple sources al-
lows us to further characterize ytargetðωÞ, resulting in
an increase in the effective B and a corresponding
decrease in Δd.

3. Multiple Source Analysis

Taking the FT of Eq. (10) and using Eq. (9), we arrive
at the expression

YðζÞ ¼ 1
2

X
n

Rn exp
�
−j

ξτ2n
2

�
Aðζ − τnÞ; ð11Þ

which has peaks at ζ ¼ τn. The shape of the peaks is
determined by the FT AðζÞ of the window function.
We model the use of N multiple sources with a win-
dow function aNðωÞ that is comprised of N nonover-
lapping rectangular sections, as shown in the top
panel of Fig. 2(a). The approach is easily modified
to include overlapping sections. The kth sweep origi-
nates at ω0;k and is characterized by an angular
frequency excursion 2πBk, where k ¼ 1;…;N. As illu-
strated in the middle and bottom panels of Fig. 2(a),
aNðωÞ can be decomposed into a rectangular window
with width 2π ~B≡ 2π½PN

k¼1 Bk þ
P

N−1
k¼1 δk� and a set of

thin rectangular sections (gaps). Each gap represents
the frequency range 2πδk between the end of the kth
sweep and the beginning of the ðkþ 1Þth sweep, ac-
ross which no photocurrent is measured. Amplitudes
of the ζ-domain FTs of the functions in Fig. 2(a) are
shown in Fig. 2(b). We observe that if the gaps chosen
are sufficiently small, their effect in the ζ domain can

be treated as a small perturbation of the single sweep
of bandwidth ~B. Therefore, an N-source sweep is
described by

aNðωÞ ¼ rect
�ω − ω0;1 − π ~B

2π ~B

�

−

XN−1

k¼1

rect
�ω − ω0;kþ1 þ πδk

2πδk

�
ð12Þ

in the ω domain, and by

ANðζÞ ¼ 2π~B exp½−jζðω0;1 þ π ~BÞ�sincðζ~BÞ

− 2π
XN−1

k¼1

δk exp½−jζðω0;kþ1 − πδkÞ�sincðζδkÞ

ð13Þ

in the ζ domain. To find the range resolution, we find
the first null of Eq. (13). Expanding near ζ ¼ 1=~B and
using the approximation

P
N−1
k¼1 δk ≪

P
N
k¼1 Bk yields

ζ−1null ¼
����~B exp½−jζnullðω0;1 þ π~BÞ�

þ
XN−1

k¼1

δk exp½−jζnullðω0;kþ1 − πδkÞ�
����: ð14Þ

Fig. 2. Multiple source model: (a) ω-domain description. The top
panel shows a multiple source window function aNðωÞ. This func-
tion may be decomposed into the sum of a single source window
function (middle panel) and a function that describes the inter-
sweep gaps (bottom panel). (b) ζ-domain description. The three
figures show the amplitudes of the ζ-domain FTs of the corre-
sponding functions from (a).
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Equation (14) can be solved numerically to find ζnull.
We note that an upper bound on ζnull, and conse-
quently on the range resolution, may be obtained
by applying the triangle inequality to Eq. (14), to
yield

ΔdMS−FMCW ≤
c

2
P

N
k¼1 Bk

: ð15Þ

The conclusion is that by sweeping over distinct
regions of the optical spectrum, we collect enough in-
formation about the target to arrive at a range reso-
lution equivalent to the total traversed optical
bandwidth, provided that the said bandwidth is
much greater than the intersweep gaps.

4. Stitching

We next consider the problem of stitching, that is,
synthesizing a measurement with enhanced resolu-
tion using photocurrents collected from multiple
sweeps. In the preceding sections, we have mapped
photocurrents from the time domain to the optical
frequency domain. Since the optical frequency is lin-
ear in time, this mapping involves first scaling the
time axis by the chirp slope, and then translating
the data to the correct initial frequency. Whereas
the rate of each chirp is precisely controlled [9],
the starting sweep frequencies are not known with
sufficient accuracy. To reflect this uncertainty, we
omit the translation step, so that the data collected
during the kth scan is given by

ykðωÞ ¼ rect
�ω − πBk

2πBk

�
ytargetðωþ ω0;kÞ: ð16Þ

The stitched measurement, given by ystitched ¼
aNðωÞytargetðωÞ, can be written in terms of functions
ykðωÞ using Eq. (12):

ystitchedðωÞ ¼
XN
k¼1

ykðω − ω0;kÞ: ð17Þ

The magnitude of the FT of Eq. (17) may be used for
target recognition and is given by

jYstitchedðζÞj ¼
����
XN
k¼1

exp
�
−j2πζ

Xk−1
l¼1

ðBl þ δlÞ
�
YkðζÞ

����:
ð18Þ

The uncertainty in the starting frequencies mani-
fests itself as an uncertainty in the intersweep gaps.
To recover the gaps, we use a known reference target
along with the target of interest, as shown in Fig. 3.
By analyzing the data collected from the reference
target, we are able to extract the parameters δk,
and stitch together the target of interest measure-
ment, according to Eq. (18).
To develop a gap recovery algorithm, we examine a

two-sweep system with a single gap δ. The case of
more than two sources may then be treated by apply-

ing this algorithm to adjacent sweeps in a pairwise
manner. For simplicity we consider sweeps of equal
slopes ξ and durations T and, therefore, bandwidths
B. Suppose the known reference target consists of a
single reflector with reflectivity Ra, located at the
delay τa. The experiment of Fig. 3 generates two
photocurrents, of the form of Eq. (4). The initial
photocurrent phase depends on the starting fre-
quency of the corresponding sweep and will change
as the intersweep gap varies. Therefore, by consider-
ing the phase difference between the two photocur-
rents, we can calculate the value of the gap.
Formally, let us evaluate the FT of the kth photocur-
rent, at the maximum of the reference target peak.
Using Eqs. (9) and (16),

YkðτaÞ ¼ πBkRa exp
�
−jξ τ

2
a

2
þ jω0;kτa

�
; k ¼ 1; 2:

ð19Þ

The ratio of the two expressions in Eq. (19) yields the
phase difference between the photocurrents:

ψa ≡
Y1ðτaÞ
Y2ðτaÞ

¼ exp½−j2πτaðBþ δÞ�: ð20Þ

Given the reference reflector delay τa and the
frequency excursion B, the gap may be found using

arg½expðj2πτaBÞψa� ¼ −2πτaδ: ð21Þ

The phase of a complex number can only be ex-
tracted modulo 2π, so that Eq. (21) can only be used
to recover δ with an ambiguity of 1=τa. Therefore, the
gap needs to be known to within 1=τa before Eq. (21)
may be applied. For example, if the nominal gap is
only known to an accuracy of 10GHz, we need
1=τa > 10GHz. However, the nonzero linewidth of
the source generates errors in the phase measure-
ment ψa in Eq. (20) [11]. According to Eq. (21), the
corresponding error in the gap calculation is inver-
sely proportional to τa, and a large τa is necessary
to calculate δ accurately.

Fig. 3. Schematic of an MS-FMCW ranging experiment. A refer-
ence target is imaged along with the target of interest, so that the
intersweep gaps may be recovered: BS, beam splitter; PD,
photodetector.
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To overcome this issue, we use two reflectors τa and
τb and express the gap size as a function of the reflec-
tor separation. We define two phase factors

ψn ≡
Y1ðτnÞ
Y2ðτnÞ

; n ¼ a; b ð22Þ

and calculate the two-reflector analog of Eq. (21):

arg
�
exp½j2πðτa − τbÞB�

ψa

ψb

�
¼ −2πðτa − τbÞδ: ð23Þ

From Eq. (23), 1=jτa − τbj can be chosen to be
>10GHz to determine the value of δ. The error in this
calculation is proportional to 1=jτa − τbj. The accuracy
of the gap calculation can now be improved by using
Eq. (21), which yields a new value of δ with a lower
error proportional to 1=τa. Depending on system
noise levels, more stages of evaluation of δ using
more than two reference reflectors may be utilized
to achieve better accuracy in the calculations.
A potential system architecture employing the

stitching technique for high-resolution MS-FMCW
is shown in Fig. 4. The optical sources are multi-
plexed and used to image a target and a reference,
as discussed above. The optical output is demulti-
plexed and measured using a set of photodetectors
to generate the photocurrents of Eq. (16). The refer-
ence data are processed and used to stitch a target
measurement of improved resolution. The multiplex-
ing may be performed in time or optical frequency,
or a combination of the two. The real power of the
MS-FMCW technique then lies in its scalability.
One envisions a system that combines cheap off-the-
shelf SCLs to generate a swept-frequency ranging
measurement that features an excellent combination
of range resolution, scan speed, and imaging depth.

5. Experimental Results

We demonstrated the MS-FMCW technique using a
highly linear optoelectronic swept-frequency source
that chirps 100GHz around a central wavelength

of 1550nm in a 1ms long scan [9]. The optoelectronic
source is comprised of an SCL coupled to an MZI, a
photodetector at the MZI output, and electronic fil-
ters that process the photocurrent and feed it back
into the SCL. The MZI measures the instantaneous
chirp slope, and the feedback loop ensures a perfectly
linear chirp. We note that a specialized source is not
necessary, and chirp nonlinearity may be compen-
sated for by sampling the photocurrent uniformly
in optical frequency [3].

We used the configuration of Fig. 3 with a 1:0mm
microscope slide target and a two reflector reference
characterized by 1=jτa − τbj∼ 10GHz (∼3 cm free
space separation). This reference was chosen to
accommodate the accuracy with which the gaps
are initially known (∼1GHz). We tuned the SCL tem-
perature through three set points to generate three
100GHz sweeps with different starting frequencies.
These sweeps were sequentially launched into the
experiment, and the corresponding photocurrents
were recorded. Using the two-step procedure de-
scribed in Section 4, the gaps between the sweeps
were calculated to be 1:89GHz and 0:72GHz.

These gap values were used in Eq. (18) to stitch the
three measured photocurrents, and the results are
plotted in Fig. 5. Figure 5(a) shows the single sweep
and stitched multiple sweep spectra for one of the re-
ference reflectors. The FWHMs are 12:17ps and
4:05ps for the single and multiple source cases, re-
spectively. Using Eq. (8) we calculate the free space
range resolutions to be 1:51mm and 500 μm, respec-
tively. The threefold range resolution enhancement is
consistent with Eq. (15). Figure 5(b) shows the target
measurements. The two peaks in the single-scan
spectrum, corresponding to reflections from the two
microscope slide facets, are barely resolved. This is
consistent with the theoretical range resolution in
glass of 1mm for a 100GHz sweep. The stitched curve
shows two prominent peaks, demonstrating our im-
proved ability to resolve two closely spaced targets.
The measured peak separation of 10ps is the round-
trip delay between the two slide facets and, indeed,
corresponds to a glass thickness of 1mm.

Fig. 4. Proposed MS-FMCW system architecture: BS, beam splitter; PD, photodetector.
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6. Summary

We have analyzed and demonstrated a novel variant
of the FMCW optical imaging technique. This meth-
od combines multiple lasers that sweep over distinct
but adjacent regions of the optical spectrum, in order
to record a measurement with increased effective op-
tical bandwidth and a corresponding improvement in
the range resolution. The MS-FMCW technique is
highly scalable and is a promising approach to rea-
lize a wide-bandwidth swept-frequency imaging sys-
tem that inherits the speed and coherence of the
SCL. While we have demonstrated the stitching of
three 100GHz sweeps using DFB SCLs in our

proof-of-concept experiment, MS-FMCW reflectome-
try is not tied to any particular laser type and may be
used to combine wideband swept sources, such as
vertical cavity surface emitting lasers or conven-
tional sources for SS-OCT, to push range resolutions
beyond the state of the art.

This work was supported by the Defense Advanced
Research Projects Agency (DARPA) Microsystems
Technology Office (R. Esman) and the California
Institute of Technology Lee Center for Advanced
Networking.
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