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Abstract We design a sublinear Fourier sampling algorithm for a case of sparse off-
grid frequency recovery. These are signals with the form f(f) = ZI;: 1a jei“’f r+
Ik v(w)e' du(w); i.e., exponential polynomials with a noise term. The frequencies
{w;} satisfy w; € [n,27 — n] and min;+; |w; — w;| > n for some n > 0. We
design a sublinear time randomized algorithm which, for any € € (0, n/k], which
takes O (klogklog(l/e)(logk + log(|lall1/llvIl1)) samples of f(¢) and runs in time
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proportional to number of samples, recovering a); ~ w; and a} ~ a; such that, with
probability §2(1), the approximation error satisfies |0, — wj| < € and |a; — a’/.| <
lvll1/k for all j with |a;| > |v|l1/k. We apply our model and algorithm to bearing
estimation or source localization and discuss their implications for receiver array
processing.

Keywords Sparse signal recovery - Fourier sampling - Sublinear algorithms

Mathematics Subject Classification 94A20 - 68W20

1 Introduction

Many natural and man-made signals can be described as having a few degrees of free-
dom relative to their size as a result of their natural parameterization or constraints.
For example, AM, FM, and other communication signals and per-flow traffic mea-
surements of the Internet are signals with few degrees of freedom. Sparse models
capture the inherent structure of such signals via concise linear representations: A
signal y € R" has a sparse representation as y = Wx in a basis ¥ € RV*V when
k < N coefficients x can exactly represent the signal y. Sparse models guide the way
we acquire signals (e.g., sampling or sketching) and how we efficiently recover them
from limited observations (e.g., sublinear recovery algorithms).

There has been considerable effort to develop sublinear algorithms within the the-
oretical computer science community for recovering signals with a few significant
discrete Fourier components (signals that are sparse in the discrete Fourier basis),
beginning with Kushilevitz and Mansour [14], including [6,7,13], and continuing
through in the recent work of Hassanieh, et al. [8,9]. All of these algorithms are pred-
icated upon treating the vector y as periodic and the discrete Fourier transform of a
vector x being approximately k-sparse [1,4].

Unfortunately, these assumptions are too strong for many practical applications
where the discrete Fourier transform coefficients are only approximation of an underly-
ing continuous Fourier transform. For example, if we want to measure the approaching
speed (the “doppler”) of an object via the Doppler effect, we transmit a sinusoid wave
e/’ (where ¢ is time in this example) and receive a sinusoid wave whose frequency off-
set from w( depends on the unknown doppler, v. Since v can be essentially any contin-
uous value, so can be the received frequency. If there are two or more speeding objects
in view, the received signal is of the form f(#) = a; el 4 grel®2? where w| /2 is not
necessarily a rational number, so that f(¢) is not periodic. This practical and common
example does not directly fit the discrete Fourier transform setting of [6-9,13,14].

A natural discretization approach, which takes a large number of samples at equidis-
tant time points and reduces the signal to this finite discrete signal of samples, is com-
plicated because there are inconveniences such as interpreting the result of the discrete
version in the continuous setting and locating a real-valued frequency from a cluster
of components in the discretized signal. Therefore, instead of developing a discretiza-
tion reduction in this paper, we take a more direct approach of extending the existing
techniques for the discrete setting, such as isolation by hashing and estimation, to the
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continuous setting, despite the fact that this approach introduces an additional log k
factor into sampling duration.

A concrete application of our approach is the bearing (or angular direction) estima-
tion of sources transmitting at fixed frequencies, a canonical array signal processing
problem with applications to radar, sonar, and remote sensing. Other applications also
include the finite rate of innovation problems [17].

Paper organization In the rest of present section, we shall define our problem and
discuss the difference from the traditional models. At the end of the current section
we shall detail our results. In Sect. 2, we define the notations and give a high-level
overview of our approach. In Sect. 3, we present our algorithm and its analysis. In
Sect. 4 we give an application of this result to bearing estimation problems. In Sect. 5,
we conclude with a discussion of a simple discretization approach and compare its
consequences with our result.

1.1 Our Model

We define a spectrally sparse function f with off-grid frequencies as a function f :
R — C with k frequencies wy, ..., w; € S! (hereinafter S! is identified with (—, 7]
and the arithmetic is to be modular), and we allow for noise v in the spectrum that is
supported on a measurable set /, C S'. We fix a minimum frequency resolution > 0
and assume that {[w; — 1/2, w; + 17/2)}];:1 and 7, + [—n/2, n/2) are all mutually

disjoint on S!. That is, the frequencies are not on a fixed, discrete grid but they are
separated from each other and from the noise by a minimum frequency resolution. In
our analysis below, we assume that |w;| > 1 without loss of generality.

Formally, we assume that f is of the form

k
f(t) = Zajefwﬂ +/ v(w)edo, teR,ajeC, (1)
j=1 b
where I, is a measurable set on S! and v € L!(1,). Without loss of generality, we can

assume that a; # 0 for all ;.
Fix €1, €2 € (0, 1]. Our goal is to find all (a;, w;) with

€ €
la;| = —al; +—2/ v(w)|de @)
k ki,

making as few samples on Z as possible (and with the smallest support) from f and
for the shortest duration and to produce such a list in time comparable to the number of
samples. The number of samples and the size of the support set of the samples should
be proportional to a polynomial in k and log(1/n), the number of desired frequencies
and precision. We call the frequencies w; whose associated amplitude a; meet the
threshold condition (2) significant.!

' To connect this formulation with the notion of ‘spectrum’, one can view f as a tempered distribution,
whose Fourier transform f is also a tempered distribution. The spectrum of f is the support of f, which
captures {w;}. An alternative way to define the spectrum of a bounded function can be found in [11].
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We observe that if we dilate the frequency domain S' by a factor 1/d € R (i.e.,
map o to w/d), we produce an equivalent sequence of samples f(¢), at regularly
spaced real-valued points t = nd, n € Z. While the points are indexed by the integers,
the values themselves + = nd are in R. The dilation factor d determines the “rate”
at which we sample the underlying signal and the total number of samples times the
sampling rate is the duration over which we sample. Both the rate and the total number
of samples are resources for our algorithm.

1.2 Prony’s Method and Associated Model Problem

There is a substantial body of work (several hundred years’ worth) on a closely related
problem, that of fitting a linear combination of exponentially decaying but oscillatory
functions to data. The problem and several well-known solution methods are conflated
and generally referred to as Prony’s method. The signal model is defined as follows: let
k > 1 be an integer, w; € (=00, 0] +i[—m, ) for j =1, ..., k be distinct complex
numbers, and we assume that the coefficients a; € C\ {0} have magnitude greater
than €, |aj| > € for some 0 < € < 1. The signal is a linear combination of such
decaying exponential functions

k
f@) = Zajewf’ fort > 0.
j=1

In almost all formulations of the problem, the signal is sampled at positions #1, . .., ty,
uniformly spaced, with N > 2k. There are a number of different algorithms for
estimating the parameters a;, k, and ;.

We summarize the main approaches:

Traditional Prony’s Method:

1. Given the N signal samples, write the signal f(#,,) as a linear combination of the
previous k time steps f (t,—1), f(tm=2)s -, [ (tm—k),

fn) =b1ftm_1) +b2f(tm-2) + ... b f(tm—i),

and solve a linear prediction problem for the coefficients b. Note that the linear
prediction system is an over-determined Toeplitz system (assuming one orders the
columns accordingly).

2. Solve for the complex exponentials z; = e“/ as the roots of the characteristic
polynomial formed by the linear prediction coefficients.

3. Solve the Vandermonde system generated by powers of the exponentials z; for the
coefficients a;.

While the accuracy of this algorithm is acceptable in exact arithmetic and with noiseless
samples, the algorithm fails to remain accurate with noisy samples or finite precision
arithmetic as the last two steps are ill-conditioned.
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SVD:

1. Compute the SVD of the Hankel matrix formed as in the traditional method (except
with the column order reversed):

f@) f() f) ... f@p

f(t) f(t3) fl) . ft+)
. . o . L T=k+1.

Fln-1) Fltx—1s1) fltg—ge2) oo Flin)

Let that decomposition be of the form U X V. Alternatively, factor the matrix into
its QR decomposition and use the R matrix in the next step.

2. Form the truncated version V of the unitary matrix V by selecting the first k rows
only and form the matrix ' = (WS‘)T(WI*), where W is the first k columns of V,
W1 the last k columns of V, and { denotes the pseudo-inverse of the matrix. Solve
for the complex exponentials z?_” as the eigenvalues of F.

3. Solve the Vandermonde system generated by powers of the exponentials z; for the
coefficients a;.

There is a substantial body of literature on the analysis of the stability of per-
turbed Prony methods, in which the signal samples are perturbed by an unknown but
bounded amount [16]. There has also been some recent work [10] on choosing sample
points according to a pseudo-random distribution (rather than deterministically and
uniformly). The sample points are on random arithmetic progressions, thus effectively
hashing large frequency components randomly into different signals, which can then
be more easily analyzed. Also, the notion of a matrix pencil (a generalized version
of Prony’s method) [2,12] has been re-introduced by Demanet and Chiu for a sparse
FFT algorithm [3].

Clearly, our signal model is different from that of the traditional Prony’s model;
we do not assume that the oscillatory pieces of the signal decay exponentially which
places fewer restrictions on our sampling scheme. We do not, for instance, assume that
samples are drawn for ¢+ > 0. Furthermore, we assume that there is noise present in
the signal from the outset, although there are restrictions on this noise (its £; norm is
bounded and its support is bounded away from the significant spectral components).
One major difference between our algorithm and all of those referred to as Prony’s
method is that we determine the frequencies present one frequency at a time. Further-
more, we do not set up the estimation and identification of the frequencies as a linear
system (solved one equation at a time or simultaneously).

1.3 Main Result

Theorem 1 There exist a probability distribution D on a set of sampling pointst € R
and an algorithm A such that for each perturbed exponential polynomial f(t) as
in (1), with probability > 1 — 6, the algorithm returns a list A = {(a;., a)})}];:l of
coefficients and frequencies such that

@ Springer



266 Algorithmica (2015) 73:261-288

1. For each a; that satisfies (2) there exists a); € A such that

i €2
oy — 1 = 2.

2. Let Ag = {a); € A : 3wj, such that ‘a)jo — a);’ < % and |ajy| satisfies (2)}.
Then for each a); € Ag it holds that
€1 1)
|Cl} —ajl < z”a”l + ?||V||1-
3. For each a)’/ € A\ Ay, it holds that
, €] €2
< — = vl
la;| < X lalli + X vl

The algorithm takes

k k 1 k
O|—log—-log—log———
€ 8 T en  minfer, e}

samples and runs in time

k k 1 k 1
O(—log—-(log—log——— +1log—-) ).
€ ) € min{eq, €} )

Furthermore, the size of the support of D, i.e., the total duration of sampling, is

k k
Of—log——).
€n ~ min{ey, 2}

This result gives £+, bounds on both frequency estimates and coefficient estimates. In
comparison with the discrete setting, the form of the frequency estimates is new, while
the coefficient estimates are of the same type as in [9]. We also note a distinction in
the accuracy or resolution of the output frequencies in any algorithm on a discrete grid
and our continuous setting. The signal model on a discrete grid of size N assumes that
frequencies are separated by a resolution 1 and the algorithms return frequencies with
integer valuesin 1, ..., N.Inother words, there is no distinction between the frequency
resolution of the input signal model and the output. Our algorithm, by comparison,
assumes that the input signal frequencies are separated by a resolution of 1 and returns
frequency values that are accurate up to a smaller resolution of /k. We argue in 3.2.1
that this “super-resolution” is a necessary consequence of the algorithmic approach.
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2 Preliminaries

In this section, we define the notation we use throughout the paper and we review
typical sublinear-time approaches for sparse Fourier sampling algorithms.

2.1 Kernels

Let £2 be a domain (which can be either continuous or discrete). Roughly speaking,
we call a function K : 2 — R a filter if K is or approximates the characteristic
function yg of some set £ C £2, which will be called the pass region of K. The
signal resulting from applying filter K to signal f (viewed as a function on £2) is the
pointwise product K - f.

Let K, ¢« (often abbreviated as K,  or K,, when there is no ambiguity on the
parameters) be a kernel defined on S' that satisfies the following properties:

— it is continuous on S',
— it approximates X(-2,x (so K,y is a filter):
L |Kme(x)] < €for |x| > 7
2. |Kme(x) = 1] <efor|x] < (1 —a);
3. Kp.e(x) € [—€, 1 4 €] elsewhere;
— its Fourier transform m : Z — C has finite support: |supp fn;| =
0 (% log %).

A Dolph-Chebyshev filter convolved with the characteristic function of an interval
meets these criteria. See Fig. 1 for a plot of K,,,. We call the region [—(1 — &) %, (1-
o) 7] the plateau of K. The pass region of K, is [—7-, ] and we define the transition
region to be the complement of plateau in the pass region. A similar kernel was used
in [9] and [8] on a discrete domain with the only difference that their kernel was
constructed by a Gaussian kernel convolved with the characteristic function of an
interval. In this paper, we use a kernel with a finite Fourier expansion for an efficient
algorithm.

2.2 Sampling with Respect to a Kernel

In our algorithm, we shall repeatedly query the input signal to obtain values of the
form

Iy

k
gk (x,0) =ZajK(a)jx—9)+/ v(iw)K (wx — 0)dw 3)
j=1

for some kernel function K (in particular, for two different kernels in one computation).
While we cannot obtain g(x, 6) directly, we can compute it from appropriate samples
of f(t). Assume that K has a finite Fourier expansion

N
Kix) = Z Kne™.

n=—N
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Fig. 1 Plot of K;;; withm = 15 and o = 0.476

Then
k N
gk (x) = Z Z Knajeimujx—iné / Z Knv(w)emwjx m@d'u
j=ln=—N hy=—n
N k
— Z Kne—inG zajeinwjx +/ U(a))einwjxdll,
n=—N j=1 b
N
= Z e M, f(nx),
n=—N

which means that g (x) is a weighted sum of samples { (nx)} __y» Where the weights
are the Fourier coefficients of the kernel K (x). Remark 1 explams how, with appro-
priate signal sample positions, we can compute this quantity efficiently via a short
FFT.

2.3 Sublinear Time Algorithms: Overview

The sparse recovery problem under the Fourier basis asks to recover the discrete
Fourier transform f of some input vector f under the assumption that f is sparse, i.e.,

f has very few coordinates of large magnitude. Almost all sublinear-time algorithms
perform the the following: (1) randomly hash frequencies into buckets via filters and
identify the frequencies whose Fourier coefficients are large in magnitude; (2) estimate
the Fourier coefficients of the frequencies identified in the previous step. Since the
representation is sparse, it is likely that each bucket contains exactly one coefficient
and a small amount of noise so that its position can be found and its value estimated. If
not all frequencies with large Fourier coefficients have been recovered, the algorithm
will then subtract the partial Fourier representation that has been identified and repeat
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the two steps above (called one iteration). Generally, each iteration is guaranteed to
recover a substantial part of f , usually by recovering either a constant fraction of the
large coefficients in f or a constant fraction of the energy of f. In either case, the
sparsity of f keeps improving from one iteration to the next, and a small number of
repetitions will suffice for an accurate approximation to f .

Our algorithm also follows this recipe of hash-and-estimate. However, it is not
iterative. We hash the range of the frequencies into buckets and repeat sufficiently
many times so that all frequencies are isolated, then we locate the frequency and
estimate its amplitude. We do not need to iterate in the estimation procedure, because
we use good kernel for hashing, as in [9].

In fact, for the continuous case, it is difficult to devise an iterative algorithm. A main
difference between the discrete and continuous case is that, in the continuous case,
it is impossible to recover a frequency exactly (from finite samples) so that one can
subtract off recovered signals at exact positions. In the case where the loop invariant
is on the number of large coefficients (as in [5,8]), the number of buckets decreases
per round as the number of remaining heavy hitters decreases. In the continuous case,
however, the accuracy of the frequency estimates produced by location procedure are
dependent on the width the pass region of the filter: the wider the pass region, the
more inaccurate the frequency estimate is. Unless the estimation procedure not only
estimates the coefficient at given frequency but also improves the frequency estimate,
we would have to increase the distance d between samples from O (k/n) to O (k/n)
in order to the achieve the same accuracy for the final frequency estimate, (i.e., we
must increase the duration over which samples are collected.)

In the other case (as in [7]) where the number of buckets is kept the same at each
round while the energy of the residual signal drops, and there are typically log ||a||
rounds. In hashing, we need to bound the inaccuracy |K (h(w)) — K (h(w'))|, where
o' is the recovered estimate of some real frequency w, h the hash function and K the
kernel. We can achieve this with a kernel that does not have a significant portion of
its total energy outside of its pass region (i.e., a “non-leaking” kernel), but it is not
obvious how to achieve such an accurate estimate using a Dirichlet or Fejér kernel
which was used in [7]. Besides, using a “non-leaking” kernel like the one used in [8,9]
or the one used in this paper unfortunately introduces a factor log ||a|| into the number
of samples in order to decrease the noise in a bucket.

3 Algorithm and Analysis
3.1 Recovery Algorithm

We give detailed pseudocode for our algorithm in Algorithm 1. Before we analyze
the algorithm, we provide some intuition about the overall architecture. First, this
algorithm, unlike many of the other sublinear time signal recovery algorithms, is
not an iterative one. It is similar to other sublinear time algorithms in that there are
two separate sets of samples, one for identifying the frequencies @ and a second
for estimating the coefficients a,,. In the pseudocode in Algorithm 1, we sample the
function as needed in each function for ease of exposition (to avoid a large number of
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Algorithm 1 The overall recovery algorithm

1: function MAIN

2: y < signal samples from f
L < IDENTIFY(y)

A <« ESTIMATE(L)

return ", _ 4 agel®

whw

1: function IDENTIFY(y)

2 L0

3 forr < 1to O (log %) do

4. Choose a random d uniformly from [D, 2D]

5: bj < Oforalli =0,...,m—1

6 for r < 1to [logy(1/1)] do

7 Co]lectsampleszpq_f(qd-i- 2r)forp_—N ,Nand|q|=—-M,.... M,
where M = max supp Km d[ld N = max supp K.

8: Compute {u [}m_ and {vz} usmg a short FFT (according to Remark 1)
jd 2b,
where ug =3 ; a;Km (a)jd 2”6)1(,1( 3 22,7;16— 2’5”)
d 2b
andvgzzjajl(m (wjd )K” (2—, 2”4 ‘”—n)
9: for { <~ Otom — 1 do
10: if |vg| > |ug| then
11: by < by 421
12: for . < Otom — 1 do
13: L« Lyt 2hmy

14: return L

1: function ESTIMATE(L)

2 Choose hash families 7 and H; as described in Equation (6).
3: forr < 1to ®(log ) do

4: for each w € L do

5: ag) < measurement w.r.t. |

6 bg ) < measurement w.r.t. Ho

7
8

for each w € L do
a, < median o)
w tdw

9: b, < median; bg )
10 L' < {x €L:|byl > lawl/2)}.
11: A<« {(way):wel)

12:  Cluster A = {(w, a,)} by @ and retain only one element in the cluster.
13:  Retain top k ones (wW.r.t. ag,) in A
14:  return A

parameters in the pseudocode) but we emphasize that the algorithm is non-adaptive;
we can simply pass in these samples to the IDENTIFY and ESTIMATE functions.

In IDENTIFY, we generate a list L of candidate frequencies by repeatedly sampling
from a filtered version of the input signal. The filtering includes both a random hashing
into O (k) buckets and a bit-testing procedure in parallel (hence, the two kernels K,
and K, in Line 8 of the pseudo-code). The bit-testing procedure tests in Line 10
whether the £th bit (from least significant to most significant) is O or 1. Once we have
determined the identify of the frequency, it is added to the list.

Remark 1 describes how to compute an efficient sampling of the input signal with
respect to the two kernels K, and K, in Line 8 via a short Fourier transform using
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equally spaced points instead of a direct multiplication. The method described is
similar to that in [7].

In ESTIMATE, we estimate the coefficient of each frequency in the list L by sampling
(again) from two different filtered or hashed versions of the input signal (Lines 5-6).
We use the two different coefficient estimates from the two filters to detect which
estimates are accurate and we retain those and their associated frequencies (Lines
10-11). We then cluster the list of frequencies by the output resolution (Line 12) and
prune the list, keeping only the frequencies and coefficients corresponding to the k
largest coefficients.

3.2 Analysis of Algorithm

Our analysis of the algorithm follows a modular characterization, starting with show-
ing that the algorithm is correct and satisfies the announced failure probability—it
isolates significant frequencies and then identifies those that are isolated, after which
the algorithm estimates the coefficients with the desired accuracy and failure probabil-
ity. We show that the number of samples total is as announced. We end with analyzing
the run-time of the algorithm, the duration of the sampling procedure (not only how
many samples but what their extent is), and the error metric we use to assess the output.

3.2.1 Isolation

This portion of the analysis is similar to that of [8] in that we use similar kernels
for filtering or hashing the signal into buckets but in our analysis, we emphasize the
continuous frequency setting.

Let K;, be the kernel as described in Sect. 2 and set D = 27 /5. Define

H ={Kn(wd) =: hg(w)|d € [D, 2D]}

to be a family of hash functions. We choose &, randomly from H by drawing d from
the interval [ D, 2 D] uniformly at random. Observe that the map w +— wd is a random
dilation of S!. Similar to [8] and [7], we shall consider m-translations of K,,, denoted

by {K,(nj)}’}’:_()l, where K,%i)(x) =K, (x — 2;71—’) (x € S, so that their pass regions

cover S!. The pass regions will be referred to as buckets and the pass region of K ,5,] )
as j-th bucket. For convenience we shall also call the plateau of K ,(,'[ ) the plateau of
the j-th bucket. It is clear that each frequency w, under the random dilation w +— wd,
will land in some bucket with index b(w, d).

In the discrete setting, we hash N elements into m buckets so that each bucket
contains N/m elements. Here we hash (—m, 7] into m buckets so that each bucket
has measure 2;r /m. Since there are k frequencies to isolate, we would need to hash
them into £2 (k) buckets so that each frequency is isolated with probability O (1/k)
such that we can afford to take a union bound over all k frequencies in the end to
conclude that all of them are isolated with constant probability. We shall see later that
we pick m = © (k). Furthermore, to separate two frequencies which are n apart, we
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have to dilate S! by a factor of £2(1/n), so the collision probability remains O (1/k),
small enough for a union bound. This effectively splits a bucket of length O(1/k)
into £2(1/n) pieces, each of length O(n/k). Thus we obtain a precision of O(n/k)
for frequency estimation, at the cost of a sampling duration of O (k/n). The sampling
duration cannot be shortened following our approach, nor can we reduce the resolution
of the frequency estimate to ® (7).

The idea above will be elaborated though the rest of this section. Similar to [8] and
[7], the next lemmata show that this hashing is effective, immitating Claim 3.1, Claim
3.2 of [8] and Lemma 3.1 of [7].

The first lemma tells us that the probability of collision of two well-separated
frequencies under a random hash function 24 € H is small.

(+3)

Proof Without loss of generality, assume that Aw = ' — @ > 0. Write wd = x + &
with |&| < 7 /m. Then the probability is equal to

Lemma 1 Suppose that |0’ — | > n. Then

Pr{b(w,d) = b(@, d)} <

I~

where ¢ > 0 is a universal constant.

1 2

Pr{(Aa))de[2sn—$—%,2sn—$+%]}§B.mAw.

where [ is the set of possible s’s,

N e

The desired upper bound of the probability follows immediately from that

] < +1+—.

m

(Aw)D 1
2

O

While Lemma 1 guarantees that well-separated frequencies do not collide under our
hash function, because we are in the continuous setting, there is some probability that
a frequency is hashed into the transition region of the kernel K. The following lemma
shows that with high probability, a frequency bounded away from zero is mapped to
the region of the kernel that is very close to 1.

Lemma 2 Assume that w > 1 and let 0 < o < 1/2 be as given in the definition of
the kernel K,,,. Then

25w To2sw T
Priwde | — - (1 —-a)—, — + (1 —a)— | for some s € Z
m m m m

1
Z(l—oz)(l——).
m
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Proof 1t is clear that the probability is at least
1 2
— (1l =—a)= |1,
D ( ?) wm 11

where [ is the set of possible s’s,

_ LDm 1—aJ+1 PDm‘f‘l_aJ
Y T 2 Y T
Then
wDm
= —— -1
2
and the result follows immediately. O

The next lemma will allow us to estimate the coefficient of an isolated frequency
and to bound the inaccuracy of its estimate in terms of the noise ||v||1.

Lemma 3 Suppose that & is a random variable such that |£| < w/m almost surely
and the parameter € of K, ¢ satisfies € < c/m for some constant c. Let o > 1. Then

2 2
Ey[| Ko (ed + £)] < %

Proof Define

Kn(x) = sup [Kn(y)l,

ly—x|<m/m
it is not difficult to see that

- 4 2nC
Kl <2me + — < —
m m

where C = ¢ + 2. Let d be uniformly chosen from some interval I. Then

- 1 ~ 1 ~
Eq[1Km(wd +§)|] < Eq[| K (0d)|] = —/ |Km(wn)|dt = —— [ [Kp(x)l|dx.
11 oll| Jor

From

. 2C 1
/ R (0)]dx < =2 [—‘”' 'W
ol m 2w

it follows that

wll|

~ C -
Ed[Km(wd+s)]s—-“” .
m ol
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For I = [D,2D],

EallRm(@d)] = < (14—
AECOE=0 U T e )

Let D = 2m/n, since w > n, it holds that [wD/(2x)] > 1 and the desired result
follows. O

Now we are ready to show our algorithm isolates frequencies. Fix jy and choose
m = §2(k). The hashing guarantees that w j, is well-isolated with probability §£2(1) by
taking a union bound. Also, it follows immediately from Lemma 3 that the expected

contribution of v to the bucket is at most c||v||; /m for some constant ¢ > 0. Therefore
we conclude by Markov’s inequality that

Lemma 4 Conditioned on wj, being well-isolated under hq € 'H, w.p. £2(1),
G
D ajhi(@)) + | vi@ha@du| < Ciellalli + vl
J#io hv
for some constants C1, Co» > 0 that depend on the failure probability.

Proof Note that hg(w) = K, (w0 — wj,)d + &4), where &, is piecewise continuous
on [D, 2D]. By Lemma 3 and Fubini’s Theorem,

]E[/I v(a))hd(a))dMH < ]E|:/I [v(w)] |hd(0))|dﬂi|

- / V(@)E |hg(w)| do
I,

c
—/ lv(w)ldp,
m I,

Since w; (j # jo) land in different bucket from wj,

IA

lha(w)| <€, j#jo

thus
¢
2| | X ashato+ [ v@ha@an| | < el + vl
J#io Iy
The result follows from Markov’s inequality. O
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3.2.2 Bit Testing

The isolation procedure above reduces the problem to the following: The parameter d
is known, and exactly one of {a)./d}l;z1 ,say wj,d, belongs to Uflvz_ol [2nm —¢, 2nm+-¢]
for some small { = 7/m and (large) N. Suppose that w;,d € [2s7 — ¢, 2sm + ¢].
Note that s is the integer closest to (wj,d)/(27). We shall find this integer s (to be
referred to as chunk index), and thus recover w j,. Assume that wj, is significant; i.e.,
aj, satisfies (2).

We recover s from the least significant bit to the most significant bit, as in [7].
Assume we have already recovered the lowest r bits of s, and by translation, the
lowest r bits of s are 0s. We shall now find the (r 4 1)-st lowest bit.

Let K, (n is a constant, possibly n = 3) be another kernel with parameter ¢’ (a
small constant). The following lemma shows that Line 6-14 of IDENTIFY gives the
correct s.

Lemma 5 Suppose that the lowest r bits of s are 0, let

X

G1(x) = Kn()Ky (57

) . Ga(x) = Kn(0)K, (21 — rr)

and u be the sample taken using G1 and v using Go. Then |u| > |v| if s = 0
(mod 2"ty and |u| < |v| if s = 2" (mod 2" 1), provided that

C . [€1 €
m > —k and e§C~m1n{—,—}
€ k k

for some C > 0.

Proof 1t is straightforward from the isolation discussion. When s = 0 (mod 2"),
/ / &)
lul = (I —e)(I —€)laj,| — (1 +€) | Ciellalli — EIIVII] . 4)
and when s = 2"~! (mod 2"),
/ / (&)
lul <= (1 +e)e'lajyl + (1 +€) C1€||a||1+;||1)||1 . Q)

Similar bounds hold for |v|. Thus it suffices to choose

2(14+€NCr Kk
m>————" . —
T 1l—e—-2¢ €

m}

Repeat this process until r = log,(w D) = O(log(x/n)) to recover all bits of s.
At each iteration step the number of samples needed is O (I supp G1| + | supp G2 I) =
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o (| supp a| - | supp K, |) =0 (% log é), so the total number of samples used in a

single execution of Line 7 of IDENTIFY is O(% log é log %).

The precision of wj,d will be { = 7/m, and thus the precision of wj, will be
7/(md) < m/(mD) =n/m.

In summary, the hashing process guarantees that

Lemma 6 With probability at least 1 — O (), IDENTIFY returns a list L such that for
each w;j with aj satisfying (2), there exists ' € L such that | — w;| < n/m.

Remark 1 Notice that the number of non-zero Fourier coefficients of the filter K, is
2M + 1 for some integer M > 0. We shall show that, similar to [7], despite Line 8
of IDENTIFY (for m translations altogether) requires mr numbers, each of which is a
sum of 2M + 1 terms, this process can be done in O ((M + m logm)r) time instead
of O(Mmr) time.

Suppose that at some step, in the j-th translation bucket (0 < j < m — 1) lies a
hashed frequency with chunk index s;. Let b; be the integer such that the lowest bits
of s; — b; are 0. By Sect. 2.2, we shall take & (Mn) samples, corresponding to the the
spectrum of K, K, so we index the samples by (p, ¢) with |p| < @ (n) and |g| < M.
We need the numbers

O ) . M .
Cowi(hit iy —2midl ;
Z o2+ z e W wy, Zpgs J=0,0 . ,m—1,
p=—0(n) g=—M

where z 4 is the sample with index (p, ¢) and w), , are the Fourier coefficients of
K, K,,. Notice that the inner sum can be rewritten as

m

—2midl
2 € " E , Wpqglpgs

=0 qemZ+0N[—M,M]

which can be done in O(M + mlogm) time using FFT. The outer sum has only
constantly many terms. Hence to compute m numbers, each is a double sum as above,
takes only O(M + mlogm) times. There are r steps, so the total time complexity is
O((M + mlogm)r).

3.2.3 Coefficient Estimation

The isolation procedure generates a list L of candidate frequencies. Like [8], we
estimate the coefficient at each position in L by hashing the frequencies into buckets
using the same kernel but with possibly different parameters. We shall show how to
extract good estimates and eliminate unreliable estimates among |L| estimates.

The following lemma states that if a frequency candidate is near a true frequency
then they fall in the same bucket with a good probability and if a frequency candidate
is adequately away from a true frequency then they fall in different buckets with a
good probability.
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Lemma?7 Let D = ©(1/n) and § > 0. Choose d uniformly at random from
(61D, 6,D].

1 if|lo —&'| < B18/D < 1 then
Pr{b(o, d) = b(w,d)} > 1 — B16s.
2. if o — @'| > B28/D then

cs

/ _ 1 -
Pr {b(a) ,d) =b(w, d)} < —,32(92 o0 + D

for some universal constant ¢ > 0.

Proof Without loss of generality assume @’ > w. Then the probability in case (1) can
be rewritten as

o2 [5 -1

sel
B z 1 . 258 —8 258+ 8
o (62 — 6;)D o o ’

possibles

where m(E) denotes the Lebesgue measure of set E. Note that

258§ —8 2s8+6 5 o+ o —2s(0 — )
m s = .
w o4 o'w
’_ _ B
5 w~+ o — whpi )
o'w
- 3. 1 — 628
=0

Thus the sum of probabilities can be bounded from below by

1 , 1=6B ([o6D 1 00D 17\, y
6, —6,)D o = 2PL

268 2

26 2

The other case can be proved similarly as Lemma 1. O

Now consider a fixed significant frequency, say, w1. Assume that w; is isolated from
other frequencies under hashing w — wd. If w1 lands in the plateau of the kernel K,
that is, K,,, (w1d) ~ 1, then the bucket value

/ K (xd) f(x)dx ~ a1 K (@1d) ~ a1,

is a good estimate to the coefficient. Similarly if it lands outside the pass region, the
bucket value would be close 0. The only challenging situation is when it lands in the
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Fig.2 K and K

transition of K,,, in which case we may have a significant bucket value but much
smaller than the desired a;. Our plan is to detect the estimates from the transition
region and remove them. To this end, consider two kernels K and K such that the
pass region of K falls within the plateau of K (see Fig. 2). Observe that the set
{x : K(x) > K (x)/2} consists of two parts: one part falls completely within the
plateau of K, the other outside the pass region of K. With respect to the two kernels,
we obtain two bucket values

a= / K(xd) f(x)dx ~ a1 K (w1d)
and

a :/Iz(xd)f(x)dx ~ a1 K (w1d)

If |a| > |a’|/2, we know that either w1 d falls in the plateau of K, which indicates that
a’ is a reliable estimate, or w;d falls outside the pass region of K, which indicates
that a is small (and thus is a’). Hence we can drop the estimates with |a| < |a’|/2 and
retain reliable estimates (either in the plateau of K or outside the pass region of K).
We always take a’ as our final estimate, which would be either significant or small.
Furthermore, the plateau of K is contained in the set {x : K(x) > K (x)/2}, so we
will always obtain a good estimate to a; if we can guarantee that w;d will land in the
plateau of K at least once.

This idea, together with the frequency estimate guarantee, is formalized in the next
few lemmata.

Choose parameters 0 < 81 < B2, 0 < 01 < 6 such that 16, + @ < 1/3 and
1/(B2(62 — 61)) < 1/3. Let D = Cxr/n. Define a hash family

H ={Kn(wd) = hq(w)|d € [61 D, 6,D1}.
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Let w € S! and h € H. Suppose that w € [W, W] and h = hy(w). We
calla, = gk,,(d, 2‘%) (see (3)) ameasurement with respect to 2. When / is randomly
chosen (meaning that d is a random number), we simply say a,, is a measurement with
respect to H.

It then holds that

Lemma 8 Let ' > nand jo = argmin; |®' — w;|. Obtain a measurement a,y w.r:t.
hq € H.

1. If | — wj)| < B1Cn/m, with probability §2(1), it holds that |a, — aj,| <
ellally + ' ||vlli/m for some ¢’ > O dependent on the failure probability;

2. If |0 — wj,| = B2Cn/m, with probability $2(1), it holds that |a,y| < €llall; +
c|v|l1/m for some ¢’ > O dependent on the failure probability.

Proof Asinhashing, o’ is separated from all other w; (j # jo) with probability £2(1),
so w; does not land in the bucket for all j # jo. It follows from Lemma 7 that

1. If | — wjy| < B1Cn/m then wj, falls in the plateau of the same bucket as &’
except with probability 816> + «.

2. If |0 — wj,| = B2Cn/m then wj, falls in a different bucket from «” except with
probability 1/(B82(62 — 61)) + cC/m.

Upon the success of either case, the noise in the bucket is at most € ||a||; + C||v]|1/m
(by the argument in isolation the section) and the conclusion follows. O

Let A = €|lall; + ¢'||v]l1/m, where ¢ is a constant dependent on the failure prob-
ability guaranteed in the preceding lemma and € satisfies the condition in Lemma 5.
Take C{ > C; (and thus Dy > D) such that 8;C> > 1 and C>8; < C1p;. Define
hash families H; (i = 1,2) as

Hi = {Kn(wd) = ha(w)ld € [61D;, 62D;1}, i=1,2. (6)

It then follows that

Lemma 9 Upon termination of execution of line 10 in ESTIMATE, with probability
>1— 0(9), foreach ' € L' let jy = arg min; lo" — wj| it holds that

1. If |0 — wjy| < B1Cin/m, then |a, — aj,| < A;
2. If o' — wjy| = B2C1n/m, then |a,| < A
3. IfBiCin/m < |o —wj| < B2Cin/m, then la,| < 2A.

Proof Case (1) and (2) follow from the previous lemma. For o’ in case (3) it holds
that a,y < 2b,y and b,y < A since | — wj,| = p2Can/m. O

Loosely speaking, Lemma 9 guarantees a multiplicative gap between the coeffi-
cient estimates for the “good” estimates of significant frequencies and the coefficient
estimates for all other frequency estimates. Next, we merge estimates of the same true
source. In increasing order, for each ' € L’ with coefficient estimate a,,, find

C 2 —1
I(a)’):[a)eL’:a)'fa)fa)'—{— 1'Bma Y Iaw/|],
m

nd lay | < law| <
y —1
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where y > 3 is a constant to be determined later.

Choose any element from [ as representative of all elements in / and add it to A.
Continue this process from the next ’ € L that is larger than /. Retain the top k items
of A.

Lemma 10 Suppose that ESTIMATE is called with argument L. With probability >
1 — 0(9), it produces a list A such that

1. Foreach j with |aj| > y A for some y > 2+ /3, if there exists ' € L such that
| — wj| < 7/m, then there exists (0", a,r) € A (we say that " € A is paired)
such that

Ci181
0" — il < P 0 —ajl < A,

2. For each unpaired w € A it holds that
law| < 2A.

Proof In case (1), for all @ € L’ such that [ — wj| < CiBin/m it holds that
lay| = (y — 1)A while for other w it holds that |a,| < 2A. There is a multiplicative
gap so the merging process does not mix frequencies that are close and far away from a
true source. It is easy to verify that w € L’ upon termination of line 13 since C28; > 1.
The rest is obvious. O

Now we are ready to prove our main result.

Proof (Proof of Theorem 1) 1t suffices to show that MAIN returns a desirable
result with probability > 1 — §. Choose € in the estimation procedure to be € =
min{er, €2}/(yk) and m > yc'k, then A < ||v]|1/(yk) and thus whenever |a;| satis-
fies (2) it holds that |a;| > y A. Combining Lemmas 6 and 10 shows the correctness
of the recovery guarantees.

Next we bound number of samples, runtime and duration of sampling.

Number of Samples There are O (log 5) repetitions in isolation and each takes

o5 k log 1 log )samples hence the isolation procedure takes O (- k log 5 log 10g )
samples in total
The input of ESTIMATE is alist L of size |[L| = O (m log ]3‘). Use the same trick as in

isolation, it takes O (M) = O(é log é) samples for each of O (log %) = O(log ) =
O (log %) repetitions. Hence the estimation takes 0(% log % log é) samples.
The total number of samples is therefore

k k 1 k k k 1 k
0 —log log—log +log—))=0|—log-log— log—— ).
8 der € ) €n min{eq, €}

Runtime. It follows from Remark 1 that each 1solat10n repetition takes 0((M +
mlogm)r) = O(; k log © log ) =0(; k log log )tlme There are O (log 6) rep-

etitions so the total time for 1solat10n is 0( 6"2 log 3 log i log 77).
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The input of ESTIMATE is a list L of size |L| = O(mlog %‘). Use the same trick in
Remark 1, it stakes O (M + mlogm + |L|) time to obtain values for all buckets and

compute ag ) and b((j ) forall w € L and each s. Hence line 3—6 of ESTIMATE takes time

O((M+mlogm+|L|)log %) = 0(% log é log %) time. Thus estimation takes time
O(£logLlogs& + |LIlog % + |L|log |L|) = O(L log & (log L log L + log §)).

€
The total running time is therefore

k k 1 1 1 1 1
O | —log - |log—log — +log —log — + log —
€ 8 € n € € )

k k 1 k 1
=0|—log-|log— log——— +1log—-) ).
€ ) €n min{eq, €2} 1)

Sample Duration It is clear that the sample duration is

M k k
OMd) = O (—) =0 (—log —) .
n en - min{el, €}

The proof of the main theorem is now complete. O

4 Application to Bearing Estimation

A source on the plane emits a sine wave at a single frequency w and this wave travels
at speed c isotropically in this medium. If we ignore the decay of the amplitude of
the wave as it travels, the source is localized by a single bearing parameter 6 € S!,
if we were to express its position in polar coordinates. Formally, a source at angle 6
produces a wave field

Fo(x,t) = agexp (ia) (t + (x,ng))) , X € Rz,t e R,
c

where ng = (cos 6, sin0) is the unit vector in the direction 6. Restricting the wave
field to x € R, the horizontal axis, we have

0
Fo(x,t) = agexp (iw(H_xcos )) xeR,teR,
C

or, writing wg = w cos 8 and assuming without loss of generality ¢ = 1,
F@ (X l‘) — aaeiwl+ing _ aeeiwteing.

On the horizontal axis, the wavefield oscillates in both time ¢ and in position x € R,
separately.

Suppose that there are k sources, each transmitting sine waves at the same frequency
o and at angles 01, ..., 6, € S!, and there is background noise at frequency  sup-
portedon I, C S'. We assume that {[0j—n/2,0;+ n/2)}];=] and [I, —n/2,1,+n/2)
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Fig. 3 Receiver array and
source configuration. The black
nodes are receivers and the grey
ones sources

-0--9--0--0---0-

+«—— aperture ——

are all mutually disjoint. That is, the sources are not on a fixed, discrete grid but they
are separated from each other and from the noise by a minimum resolution angle 7.

To simplify notation, we denote wp; by w; and observe that |w;| < w. A single
receiver at position x on the horizontal axis observes the wavefield as

k
f(x, t) — Zajeiwteiwjx + eia)t [/ a(e)eiwcosﬂxdu , x,t c R,

j=1 b

where 1 is a measure on S! that satisfies the assumptions prescribed in Sect. 1.1.

The goal of the bearing estimation problem is to construct a (distribution over)
placements x,, of M receivers and, from observations y(x,,, fp) at a fixed time ty,
find the amplitudes {a;} and positions or angles {w;} of the sources. This problem
has the form of an off-grid Fourier sampling problem where we seek the identity of
the unknown k “frequencies” w; from M samples of a sparse signal plus background
noise. Figure 3 shows the configuration of sources and receivers.

Choose 0 < 8 < w/2 and consider 6 € J = [—(r — B), —B]U[B, m — B], whence
| sin@| > sin 8. Furthermore, we have

|wcosB) — wcosbr| > w(sin B)|6; — 6|

for 61,6, € J. Thus, it follows for 6; € J that w; is separated from the other
frequencies and the noise by at least wn sin 8. Because there is nothing special about
placing the receivers on the horizontal axis, we can also consider receivers distributed
on a line that is rotated a constant number of times with respect to the horizontal
axes so that the translations of J cover S! altogether, it suffices to find j (and the
associated a;) with ; € J for a fixed 8. We also re-define the angular resolution 7 to
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be 1 sin 8. We might hope that, in this way, we can reduce the problem to recovery of
{wj}, or, {cos 0;}; ambiguity, however, arises in the position of sources since cos 0 =
cos(—#), that is, sources symmetric around the horizontal line cannot be distinguished.
Also a source that is close to the symmetric image of the other source may ruin
the minimum separation in the reduced problem. Therefore, we make the following
additional assumption: there exists an integer ¢ > 4 such that for each pair of

T

g b
E,=10;:0; ¢ Z+(2p_l);_2n’4

T
+(2p+1);+2n“
and

E =100 c|-Z+ep-nDE o -Zrap+nT ol
R R 4 q 4 q

it holds that d (—E,, + (22}, E), - {%”}) > 1 and that d (—E,, +(22), I,,) > n,
where d(-, -) is the metric on S! and p=0,...,9 — 1. .
Consider a filter K on S! with a finite Fourier transform K, supported on I C Z.

Then, placing receivers down on a line at positions {nx},c; associated with weights
{K (n)},er1, we find that the wavefield these receivers observe is

k
z I%(n)y(nx) = Z aj Z Ie(n) exp(iw;nx)
nel j=1 nel
+/ a(®) D" K(n)exp (iw(cos O)nx) dp
I nel

k
:ZajK(wjx)+/ a(®)K (w(cos0)x)d .
j=1

v

It is clear that any translation K (u + -) can be achieved by the same receiver array
with associated weights {1% (n)e’*"},¢r) and that scaling K (ax) can be achieved by
scaling the receiver array by the same factor . Thus, we can perform all of the required
measurement techniques for sampling in a receiver array.

The following result is an immediate application of our main result.

Theorem 2 There is a distribution D on uniform receiver arrays and an algorithm
A such tﬁat for each wavefield emanating from k sources f(s) = ZI;: pa;e’ i’ +
f 5,4 (0)e'®Sd 1, with constant probability, given observations from the receiver arrays,
the algorithm returns a list A of amplitudes and bearings A = {(a}, w})}ljzl such
that

1. For each aj that satisfies (2) there exists a); € A such that

’ €2
lwj — ;| < —n.

7Tk
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2. Let Ag = {0} € A : 3wj, such that ‘a)jo -

J
for each w;. € Ay it holds that

< %1 and |aj,| satisfies (2)}, then

/ —

la;

€
aj| < etllall + ?HVHI-
3. For each a); € A\ Ay, it holds that

’ €2
lajl < erllall + ;||V||1-

The algorithm places

k 1 1
O | —logklog— log ——
€ €2~ min{ey, €2}

receivers and runs in time proportional to number of samples. Furthermore, the
receiver aperture size is

k 1 k
O — max jlog —,log—} ).
€n €1 €2
Proof By our assumption on E, and E ;,, we can recover the sources in

T T T b4 T ow T

—+Q2p-D)—, —+Cp+H—|U|—+Cp—-D—, —+2p+1)—

4 q 4 q 4 q 4 q
with symmetry ambiguity. With rotations of the receiver arrays, the only ambiguity left
will be to distinguish a source at 6 from 6 + 7. Suppose that 8 € E . This ambiguity
can be resolved by rotating the receiver array for E,, by 7, the correctness of which is
guaranteed by our assumption on E, and E ;) again, noting the 27 brim on each side

of each interval. O

We remark that it is possible to handle more configurations of sources, such as
sources at the vertices of a regular polygon, by starting with a random direction instead
of x-axis.

5 Conclusion and Open Problems

In this paper, we define a mathematically rigorous and practical signal model for
sampling sparse Fourier signals with continuously placed frequencies and devise a
sublinear time algorithm for recovering such signals. There are a number of technical
difficulties in this model and as-yet unanswered questions with directly applying the
discrete sublinear Fourier sampling techniques, both algorithmic and mathematical
which we summarize first and then discuss open problems and conjectures that stem
from our continuous approach.
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5.1 Discretization

As mentioned in the introduction, one may be tempted to reduce the continuous setting
to the discrete setting, assuming

k
f@ = Zajei“’-f’, aj € C,

by simply taking samples of f (#)w(¢) for some window function W (¢) at N equidistant
points t = 0, Af, 2At, ..., (N — 1) At. The discrete Fourier transform (DFT) of the
samples are approximately

k
~ L
zrz:‘v(j Nm) (=01, N-1

by observing that
N-1 T
. Tk 1 . ) x 1 ~ 14
AW (k Atye N A —/ GO W (e dr ~ —W (w0 — —
=0 At Jo At N At

provided that At < 1/7 (so the Riemann sum is a good approximation to the integral)
and W(t) is supported on, or negligible outside, [0, N Az]. A typical choice of w
is also a window function. Suppose that the pass region of W has width o S nto
avoid the interference of two different frequencies. The pass region of W is typically
1/o < NAt, hence 1/n < 1/o < NAt. Take W(&) = sin?(&/0)/(E/0)* (See
Fig. 4). Consider w; and let £ be the nearest integer to N At - wi. Then the ¢-th
coefficient in the DFT is

2. __t i lw: — £
A T\ T VA o J T T NA

The first term in the bracket is close to a; because |w] — £/(NAt)| < 1/2NAt) S o
and thus W is close to 1. To bound the second term, notice that for j # 1,

n
T |
aNar = leimel =6

0 = ——| > loj — 1] -

N At

for some absolute constant C; > 0. Thus the second term is bounded by (after rear-
ranging the indices)

|az| + |as| |as| + |as| lag| + a7 | a\?
127127L 12r’27L 12n2+"'<(;) - max |a; |
(1-2) @) -8 @)" 6G-873

i>2
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o 2o 3no
Fig. 4 W(¢) = sin2(£/0)/(£/0)?

This means that the ¢-th coefficient in the DFT is proportional to the coefficient associ-
ated with w; corrupted by contributions from other coefficients associated with other
frequencies. It is therefore conceivable that there exists a constant ¢ > 0 (depending on
W) such that the top ck coefficients of the N DFT coefficients include constant approx-
imations to those {a; }’s which are at least a constant fraction of ||a||; with the choice of
o < 1. The sample duration will thus be & (1/1). Using existing sparse recovery results
for discrete setting, it seems probable to recover the frequencies with coefficients at
least a constant fraction of ||a||; with sample duration of N At >~ 1/n. Improving the
guarantee to recovering frequencies with coefficients at least 1/ k fraction of ||a||; will
increase the sample duration to ® (k/n) with o shrunk from & () to @ (n/k).

This approach looks promising yet there are some inconveniences compared with
the preceding direct approach. For instance, typical discrete case results give an £, /£
error bound, that is, [|x — x’||2 < (1 + €)|lx — x|, where x’ is the approximation
of x and x; the best k-term approximation. It is not obvious how to interpret such
result in the continuous setting. On the other hand, under the discretization scenario,
a real-valued frequency spreads around so one may encounter a cluster of significant
components in the discretized signal and thus an additional step of locating the fre-
quency from a cluster of them is needed. This is not obvious either provided only the
£, error guarantee. An £, error guarantee is more desirable, however, it increases the
complexity of the algorithms for the discrete case.

5.2 Open Problems

First we ask a question about output evaluation metric. Since we do not expect to
recover the frequencies exactly, the typical approximation error of the form

Z (ajei“)f" - a}eiw;x) +v(x) forp=1,2

J p

contains both the coefficient approximation error ||a — a’|| and a term of the form
> lajllw; — a)/j |, rather than the more usual bound in terms of the noise alone [|v]|, in

@ Springer



Algorithmica (2015) 73:261-288 287

the discrete case. Given bounds on both the coefficients |a; — a} | and the frequencies
lwj — a)’/ |, it is possible to compute the two terms in the error. This is standard in the
literature of polynomial-time algorithms to recover real frequencies (e.g., [15]), with
which our result is comparable.

An alternative method to express the output error is to treat the exponential sum
> a;e!®* as a distribution and consider

sup [(f1, &) — (/f2, &),
geF

where f and f, are two exponential sums and F some class of test functions. For
instance, when f| and f, are probability measures, it gives total variation distance
when F is the set of functions bounded by 1 and Wasserstein distance (or earth-mover
distance) when F consists of all 1-Lipschitz functions. But our algorithm has no
guarantee that ||a|| = ||a’|| so it is generally not a metric. Obviously this bound can
be expressed in terms of |a; — af | and |w; — a);| (for example, with F being the set of
1-Lipschitz function we obtain the L' norm) and can thus be bounded if the estimates
of individual source are bounded. It remains unclear what class of test functions would
give a less common but interesting bound for this problem.
Besides, we leave the following problems open and make conjectures.

— Several direct techniques incur the penalty of extra measurements. We do not know
if these additional measurements are necessary, if they are inherent in the model.

— Unlike the discrete case, the “duration” of the sampling or the extent of the sam-
ples is a resource for which we have no lower bounds. We think ® (k/n) is the
tight bound with k log? " (1/1) samples while our algorithm takes O ((k/n) log k)
samples for e; = @(1/k) and e, = @ (1). It remains future work to devise a sub-
linear time algorithm with smaller sample duration, for which a good reduction to
discrete case looks a promising approach.

— If we do not reduce to discrete case, a better algorithm would be an iterative one
so the runtime can be lowered by an O (log k) factor. Notice that the number of
samples is always bounded by the runtime from above.
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