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To weaken the effect of receiver location error on localization accuracy and make the localization model closer to
the practical scenario, this paper considers the receiver location errors, usually neglected in prior studies into the
measurement model, and proposes an algebraic method for locating a moving source using time difference of
arrival (TDOA), frequency difference of arrival (FDOA), and differential Doppler rate measurements. The proposed
method is based on the pseudo-linear set of equations and two-step weighted least square estimator. Only noise
values of receiver locations and three types of positioning measurements are available for processing. In addition, a
new Cramér-Rao lower bound (CRLB) combining TDOA, FDOA, and differential Doppler rate in the presence of
receiver location errors is also derived in this paper. Theoretical analysis and simulation results both indicate that
the proposed method can attain CRLB at a moderate noise level, avoid the rank deficiency problem efficiently, and
achieve a significant improvement over the existing methods.
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1 Introduction

Emitter localization based on multiple passive moving
receivers has been receiving growing attention for many
years due to its important military and civilian applica-
tion values [1-4]. Passive localization usually includes
two steps: firstly, several receivers intercept the signal
emitted by a source and measure the proper positioning
measurements such as received signal strength (RSS),
angle of arrival (AOA), time of arrival (TOA), time dif-
ference of arrival (TDOA), and frequency difference of
arrival (FDOA), and then use them to obtain the source
location [5-14]. The estimation accuracy of RSS is sensi-
tive to the channel environment. If the practical environ-
ment exists strong scatters, the signal strength is
difficult to estimate which influences on localization ac-
curacy [6]. The TOA-and-AOA-based localization sys-
tem can provide an accurate source position estimate, at

* Correspondence: paper_hdx@126.com
National Digital Switching System Engineering and Technological Research
Center (NDSC), Science Road 62, Zhengzhou, People’s Republic of China

@ Springer Open

the cost of requiring time synchronization between re-
ceivers and source, and complicated antenna hardware
[7, 8]. For non-cooperative source localization problem,
the TDOA can be utilized to improve localization accur-
acy. If there is relative motion between the source and
receivers, the FDOA can be combined with the TDOA,
which can significantly improve the source location ac-
curacy and estimate the position and velocity of the
source simultaneously [10—14].

As for high-dimensional and nonlinear characteristic
of TDOA-and-FDOA-based localization problem, many
efficient methods have been proposed. Foy put forward a
linearization method by using Taylor expansion [11], but
a proper initial guess is necessary, or its convergence
cannot be guaranteed. To avoid it, the algebraic methods
have always been compelling to researchers due to their
independence of initial estimate and computational effi-
ciency. Ho and Xu proposed the well-known two-step
weighted least square (TSWLS) method [10] that gives
an algebraic solution for moving source localization
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without initial guess. However, this method has poor
localization accuracy when a source is near to any co-
ordinate axis of the reference receiver and needs several
extra mathematical operations before determining the
source location in the second step. After that, the
semi-definite relaxation methods are applied in a
localization system [12, 13]. Essentially, these methods
are also an iteration-based method and always suffer
from a high computational complexity. Recently, an im-
proved TSWLS method was presented in [14], which
outperforms the original TSWLS method.

As we know, the source localization accuracy depends
much on the TDOA and FDOA estimation accuracy.
Hence, to improve the performance of radar detection
and parameter estimation, some studies aim at the
long-time coherent integration [15, 16]. Nevertheless,
extending the observation time would improve FDOA
estimation accuracy, which has contributed to source
localization [17], but it will cause serious relative Dop-
pler companding problem [17, 18]. To overcome it, sev-
eral efforts considered the differential Doppler rate in
the traditional signal model and proposed the joint esti-
mation method, from which TDOA, FDOA, and differ-
ential Doppler rate can be obtained simultaneously [18—
20]. It should be noted that this measurement can be
obtained jointly with TDOA and FDOA requiring no
additional data collection device, which means using the
same received data with TDOA and FDOA estimation
[21, 22]. Moreover, it is closely associated with the
source position and velocity. Hence, in the localization
system, ignoring the differential Doppler rate measure-
ment may not be acceptable for many scenarios with
high maneuvering or long observation time [20] and is
utilized to determine the source location. Quite recently,
Hu et al. proposed a gradient method using TDOA,
FDOA, and differential Doppler rate measurements [17],
but the iteration process of the second step could cause
local convergence or even divergence at low
signal-to-noise ratio (SNR) conditions.

Generally, the above localization methods are all based
on the ideal assumption that the receiver locations are
known exactly, which is not realistic for practical sce-
nario [23, 24]. The receiver locations are inevitably con-
taminated by errors to some extent and are often
non-negligible, especially in practical environments. Ho
et al. proved that the source localization accuracy is very
sensitive to the accuracy of receiver locations and devel-
oped a solution with random location errors [25], but
neglects the differential Doppler rate measurement in
solving step. Moreover, the second step of this method
has poor robustness due to its rank deficiency problem,
which is analyzed in the simulation part of this paper.

Motivated by the above facts, this paper takes receiver
location errors into consideration in the measurement
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model and proposes an algebraic method for moving
source localization using TDOA, FDOA, and differential
Doppler rate measurements. Inspired by the idea of the
TSWLS method, the measurement equations are linear-
ized by introducing three additional parameters and a
rough estimate is obtained by using weighted least
square (WLS) estimator. Then, a final algebraic solution
is presented by utilizing the relationship between the
additional parameters and the source location through
another WLS. The contributions of this paper include
the following aspects.

1. The receiver location errors are considered to offset
the weakness of the existing methods, which can
produce a more reliable estimation result of source
location.

2. The second step of the proposed method gives a
final algebraic solution, while the existing methods
need extra mathematics operations, such as
multiple iterations in [17] and square root
operations in [25].

3. The proposed method can efficiently avoid rank
deficiency problem and is more robust than the
TSWLS method in some special localization
scenarios where source moves near to any
coordinate axis of the reference receiver.

4. The proposed method outperforms the existing
methods with respect to localization accuracy as
SNR and receiver location error change. Simulation
results can support the theoretical analysis and the
above contributions.

The rest of paper is organized as follows. Section 2 in-
troduces the method and experimentally used in this
paper. Section 3 formulates the problem of source
localization using TDOA, FDOA, and differential Doppler
rate measurements with receiver location errors. Section 4
gives a detailed derivation of the proposed method.
Section 5 derives a new Cramér-Rao lower bound (CRLB)
and gives a comparison between the estimation accuracy
of the proposed method and CRLB. Section 6 provides nu-
merous simulations to support our theoretical study and
evaluate the localization accuracy of the proposed method.
Section 8 concludes this paper. Some important deriva-
tions are given in Appendix 1 and 2.

This paper contains a number of symbols. Following the
convention, we represent the matrixes and vectors as bold
italic case letters. The operations [ - ]“and [ - ] de-
note the matrix transpose and inverse. E[ - ], || I, and
| - | represent the mathematical expectation, 2-norm,
and determinant, respectively. The superscript ( - )° and
(- ) are used to distinguish between the true value and
noisy value. a(i: j) stands for a column sub-vector includ-
ing the M to the jth element of the vector a. V;; is a i
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square matrix with 1 in the diagonal and 0.5 in all other
elements. 0, ; denotes a i x j vector of zeros. O, ; and I;,;
represent a i x j zero matrix and identity matrix.

2 Methods/experimental

Despite the rapid development of the localization
method, it is still quite a challenge owing to the increas-
ing demand for high localization accuracy. This paper
considers the receiver location errors in the traditional
measurement model and gives an algebraic solution
using TDOA, FDOA, and differential Doppler rate mea-
surements, aiming to produce a robust and accurate
source location. The proposed method is designed based
on the idea of the TSWLS method. We transform the
localization equations into a pseudo-linear set of the
equation by introducing three additional parameters,
and a rough estimate is obtained in a WLS sense. Then,
a final algebraic solution is given by using the additional
parameters through another WLS. To evaluate the per-
formance of the proposed method, we derive a new
CRLB on position and velocity estimation with receiver
location errors and also analysis of the relationship be-
tween the covariance of the method and the CRLB.

A set of Monte Carlo simulations is conducted to
examine the behavior of the proposed method. The root
mean square errors (RMSEs) are used to evaluate the es-
timation accuracy for source position and velocity, which
is acquired from 5000 independent trials. In order to
prove the necessity of considering the receiver location
errors during the design of methods, we compare the
CRLB derived in this paper with the CRLB in [17] as
SNR and receiver location errors change. Then, to ex-
hibit the superiority of the proposed method in robust-
ness and performance, we compare our method with
Hu’s method, TSWLS method, as well as the three types
of CRLBs in three-dimensional (3-D) scenario. Besides,
all the experiments are performed in two noise condi-
tions including measurement noise and receiver location
error noise.

This paper does not contain any studies with human
participants or animals performed by any of the authors.

3 Problem formulation

Considering a 3-D scenario including M passive moving
receivers at position s;=[x;y,2]’ with velocity s;
= [%,5,,2)" fori=1,2,..., M, we are interested in iden-
tifying the unknown emitting source position u = [x,y,
z]" and velocity & = [%,7,2]" using TDOA, FDOA, and
differential Doppler rate measurements. Stacking the
true value s? and s} together for i=1, 2,..., M leads to a

6M x 1 column vector as follows:

Bn _ [SOT,$OT]T (1)
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with s° = [s97,s97,...,837] and §° = [$97,837,....857] .

Note that in practice, the true value of the receiver pos-
ition s” and velocity §° are unknown to an estimator, and
only the noisy value s and § are available for deriving the
method in this paper. The vector forms the noise value
and error which are respectively denoted by

B=1[s"5"]"
AB = B-B° = [4s”, 457" @)
]T

where As = [AsT, As] ..., As]]” with As; = s;—s? for i=

1L, 2., M, As = [AsT, AT ... AsT)" with As = §-§°
for i=1, 2,..., M. AP is assumed to follow zero mean
Gaussian distribution with covariance matrix

E[ABABT] = Q4 (3)

Based on the above definitions, the true range and
range rate between the source and the i™ receiver are

= st
(w-s) " (#-3) (4)
_ (o) (@-4)

T

i

where u’ and 0’ stand for the true value of the source
location. The second time derivative of the range gives
the true acceleration between the source and the i
receiver

= d (5)

It should be explained that from the standpoint of effi-
ciency in the localization system, we assume that the vel-
ocity of sensors is constant or nearly constant during the
observation window time. Therefore, §; = 03, for i=1,
2,..., M. But the way, we would like to say that if there
exist a distinct acceleration of sensors, the proposed
method can also accomplish the source localization and
the localization performance would be better because
additional information can be used and the differential
Doppler rate would be more significantly [10, 14, 17].
Without loss of generality, the first receiver is chosen as
the reference receiver to derive the proposed method in
the following paper. The true TDOA, FDOA, and differ-
ential Doppler rate between the i™ receiver and the ref-
erence receiver are respectively given by

o __ o __ 0 0
rp =CTy =1i—T
-0 0 __ :0 :0
ril_/lfél_ri_rl (6)
o o w0
Fh =AMy =7-1

where i=2, 3,..., M. ¢ is the signal propagation speed,
and A is the wavelength of the received signal. 7%, f7,

and ffl are respectively the true TDOA, FDOA, and dif-
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ferential Doppler rate. For simplicity, we use 9, 7%, and
77 to derive the proposed method in this paper. Con-
sider the measurement noises in practice, and the
TDOA, FDOA, and differential Doppler rate measure-

ments can be expressed as

ra =r1j +Ara
fn =iy +Arg (7)
Fy =75 + Ara
where Ar;, Ar;1, and AF;; denote the TDOA, FDOA, and
differential Doppler rate measurement errors, respect-

ively, from ith receivers. Stacking them together for i =
2, 3, ..., M yields the vector form

r=r°+Ar
I =1’ + Ar (8)
r=r1°+ Ar

where

T

T o 0 0 o 1T
r= [7’21,7‘31,...,7’1\/11] , I = [721,7'31,...,7'”[1} ,AI': [Arn,Argl,...,Aer

. . . . T -0 0 0 0 1T . . . . T
= [P, P31, e o] 510 = [, 70, s iG] AF = [Aig, Ay, .., Afan

]

]
£ = [Fa1, Faty o Fan ] 0 = [791, 70, oo ] T AF = [Aar, AFs1, ooy Afan )T

(©)
Define Aa = [ArT,Ai‘T,Ai‘T}T as the measurement
error vector, which follows the zero mean Gaussian dis-
tribution with covariance matrix E[dada’] = Qg Our
primary objective is to estimate the source position u
and velocity a as accurately as possible using the noisy
measurement vector a = [r” i, fT]T with noisy receiver
location vector .

4 Localization method

It can be seen that (8) is nonlinear concerning the un-
known source position and velocity, which is not a trivial
task to solve these nonlinear measurement equations
directly. The work in [17] uses the iteration-based
method to solve these, which exists the convergence
problem. Hence, this paper is inspired by the idea of
WLS and introduces two steps to obtain the source loca-
tion including a rough estimation step and a refined esti-
mation step. The first step solution is introduced in the
following:

4.1 First WLS step

From the source localization model (6), rewrite the
TDOA equations as 7§, +r{ =r}, square both sides,
substitute 7% = (u°-s?)" (u°-s?) for r* and r%, and a
set of TDOA equations can be expressed as

T o

rflz + 291 = (szs?—siTs‘l’)—Z(sf—s‘l’) u (10)

Then, take the time derivative of (10), and the FDOA
equation is changed as
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20 0 0:0 _ (0T 0 0T 0 -0 0 0 _:0\T o o_0\T-0
Fary it = (8778787 8]ty )~ (87-81) u’~(s7-s) w

(11)
Taking the second time derivative of (10) gives the
new differential Doppler rate equation as

=0 .0 20 20 020 _ (c0T:0 :0T:0 0.0 :02 0 0\T .0
Fari 4 2 + i = (Si $;i =8 s1"il’i1_’i1)_2(si_sl) u

(12)

In the presence of errors including measurement noise
in TDOA, FDOA, and differential Doppler rate, and re-
ceiver locations, we should replace the true measured
values with their noisy terms. Thereby, substitute r;;
-Ary and s;—As; for r¢ and s} in (10), ignore the
second-order terms, and the TDOA equation can be re-
written as

—2riAri1—2(u—s,-)TAsi + 2(u—s1)TAs1

= (s'si-sT's; %) =2(s;-81) " u-2rars (13)

Replace r9, 7%, s7, and & with ryy — Ary, ra-Ara, s;
- As;, and §;-A4s; in (11), ignore the second-order terms,
and the FDOA equation is changed as

. . . - \T T 4. . . \T T 4

—1iArp-riAirn—(0-8;)" As;—(u-s;)" 48; + (0-$;)" As; + (u-s;)" 48;
= (éiTSi—élTSl—i‘uril)—(éi—él) u-inri—(s;-s1) w-rify

(14)

Similarly, replace r%, iy, 7, s, and § with r; — Ary,
ra—Ara, ¥an-Avn, s;— As; and §;-A48; in (11), ignore the
second-order terms, and the differential Doppler rate
equation can be expressed as

—V[Arﬂ—2i",~Ai'i1—riAfil—Z(il—éi)TAéi —+ 2 ﬁ—él)TAél
= (é?éi—éfél—;ilril —i"izl) —Fﬂrl—Z(éi—él) 1'1—2;"i1i1—ri1f1
(15)

Defining 09 = [u°T, ¢, u’”

fori=2,3,..., M yields

of ,#.7]" and collecting (13)

2B O(ar-1)xo(m-1)) Aax
+ [ZD O(M—1)><(3M)]AB

=h;,-G;,609 (16)
where
T
(s2-81) ra1 Oix3 0 0
G, =2| &8 ra O 001y
(SM_SI>T ra Oixz3 0 0
8552—8{81—}‘%1
_ S§S3—S{SI—V§1
S}\:ISM—S{SI—I"ZZVH
(17)

and
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B=-
™
(“‘sl); ‘(“‘52)T 03Tx1 r OsTxl
T T
D= (“‘§1> 03;1 _<“f53) 034><1
(ufsl)T 03T><1 ngl _<u_sM)T

(18)

Stack (14) for i=2, 3,..., M together and the matrix
equation regarding 0] is
[B B O(M—I)X(M—l) ]A“ + [D D}Aﬁ = hl,i‘_Gl,i‘e({

where (19)
($2—51)T 721 (Sz—sl)T ra 0
(33-81)" Fn (ss-s1)" r; O
Gy = : : : : c] o
(éM—él)T ran (SM_Sl)T rmi O
é2T52—§1T51 —TFa1ra1
hy; = 83 83-8] S1—F31731
g .
é;/ISM—élTsl—i'erMl
and (20)
i
i3
B=- ,
M
(-s) ~(i-82)" 0, 0.,
p= |(0=5) 05, —(8-4) 03,4
(@-8)" 05, 03 ~(i-8a)"
(21)

Gather (15) for i =2, 3, ..., M together and we have

[B 2B BJAa+ [Opiixem 2D]AB = hip-Gis67

where
rof . 2 . 9%
3x1 121 (82-%1) To1 Tl
T . . . \T .
G= | O P 2(s3=81)° 20 rm
L03,, Fan 2(8m—%1)" 201 Tan
T. T .2 ..
S, 83—8) §1—T21721-T9; r
S, 83—8; 81131131 —-T1- = rs
hy; = 3 L 31| B=-
T - T 3 .
L SpmSM =8 S1—Tamim1—"yn m

Now, combine (16), (19) and (22) to form the set of
equations extracted from TDOA, FDOA, and differential
Doppler rate measurements as
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€ = BIA(X + DIAB = hl—Glell) (24')
where B;, Dy, hy, and G; are expressed as

2B Opryxt-1)  Oa-1)x(m-1)
B =|B B Owm-1)x(Mm-1)

B 2B B

2D O-1)x (3m)

D, = D D ,

Oar-1)x(3m) 2D

hl,r Gl,r
h; = [ hy; , G = |Gy

hy; Gy

(25)

Now, (24) is a pseudo-linear equation in terms of three
types of measurements with an unknown vector 67 .
Then, the WLS solution 09 is acquired from (24) as

A -1
0; = (G W1Gi)” G/ Wih, (26)

where W, denotes the weighting matrix. Based on the
WLS theory and the matrix inversion Lemma [26], W
can be clearly expressed as

W, = E[e;ef]” = E[(BlAa + D1AB)(B1Aa + DIA[S)T} -
= (BiQ,BT + D,;QgD]) "
= (B:Q.B])"'-B;7Q;'B;'D (Q;' + DI B;"Q;'B;'D: ) DI B, Q; B!
(27)

Subtracting both sides of (26) by the true value 69 and
using (24), we can obtain the estimation error of 0,

A8, = 6,-6; = (G'W,G,) "' GI'W h,-6;
= (G'W,G1) ' GI/'W h,—(GI'W,Gy) ' (GI'W,G1)6;
= (GI'W,G,) 'GI'W, (h-G16?) = (GTW,G1) 'GI'W g
(28)

Here, we need to use a basic assumption, usually used
in prior studies into the measurement model [9-13, 17,
25], that the noise standard deviation relative to the true
values of the TDOA, FDOA, and differential Doppler
rate measurements is small. This assumption simplifies
the algorithm development and analysis. It can be satis-
fied by increasing the observation period in obtaining
the TDOA, FDOA, and differential Doppler rate. Under
this assumption, the second-order noise terms of Egs.
13, 14, and 15 tend to zero asymptotically as the meas-
urement noise decreases so that €; is zero mean asymp-

totically at the true value of ©;. Hence, from the WLS
theory [26], 8; can be considered as approximately un-

biased. In this case, the covariance @, can be approxi-
mated by
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cov(8,) = E[46,86]] = E[(GTW1G1) G Wie,e] W] G (G] WiG1) |
— (GI'W,G)) "G W, E[e,;e] | WG, (GT'W,G,) "
= (GI'W,G)) 'GI'W, W;'WTG, (GI'W,G,) "
— (GI'W,G)) ' (GI'W,G) (GI'W,G) " = (GIT'W,G))
(29)

where the weighting matrix W; is a real symmetric
matrix. It can be seen from (26) that the weighting
matrix W is a function of source position and velocity,
which is not available at the beginning in the first step
of the proposed method Therefore, let W; =I5, 1)«
sr-1) and use (GIGp)” GTh1 to obtain an initial esti-
mation result for ;. Then, use this initial result forms
W1, and reuse W in (26) to produce a better estimate
of 91.

4.2 Second WLS step

Through the first step of the proposed method, the
rough estimation result of source position and velocity
can be found in 6;(1 : 3) and 8 (5 : 7). Note that, to re-
arrange the nonlinear measurement equations into linear
forms in the first step, we have introduced extra add-
itional variables r{,7{,7], which are the functions of
source position and velocity as seen in the following

0"2( ) = rﬁz = (uo—s‘f)T(u"—s‘f)
07(4)67(8) = r{it = (w'-87)" (u’-s})
03(4)03(9) + 07(8) = 3% + 92 = ('~%) " (@°-89)
(30)

Hu et al. obtained the source location from Eq. (30) by
utilizing the iteration process [17]. However, this method
ignores the existence of the receiver location errors and
has limited localization accuracy. Therefore, this section
focuses on giving an algebraic solution without iteration
to upgrade localization accuracy.

Leta=0,(1:3), a=0,(5:7), 7 = 0,(4), i1 = 0,(8),
and 7, = 0,(9), substitute u’ = a—-Au, u’ = u-Au, r9
=11-Ary, 1§ = ;1 -Ary, and 7] = 'Afl -Af into (30), ignore
the second-order noise terms, and we have

20Au-2i14r, = (aa + s7's0-77) -2s97
aAu—;lArl + wAa-71Ar = (u u+s1Ts1—r1r1 —s‘l’Tu" s] Tye

- =T o 0Tz | T2 oT -0
—-Ary + 20 Aa-2iAr-7Ar = (877 8] +a a- r1r1 r -2§]"

(31)

Then, replace s{, §] with s; — As; and §;-4%;, and three
equations of (31) can be changed as
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2ﬁAu—2?1Ar1—2(ﬁ—sl)TAsl (u ll +s1 S1— ’1) 251 u’
ﬁAu—;lArlJrﬁAu—flAh—(ﬁ s;) As - (- sl) A$;
~T ~T ~
- (u @+ s]-m])-s{u —sTW-F4ry
~T L ~ . \T . LT T~ o, 2 LT
+2u Au—ZrlArl—rlAr1—2(u—sl) As) = (sl $1+u u—rlrl—r1>—2s1 u’
(32)

In addition, the final source position and velocity esti-
mate should maintain as close as possible to the source
location values obtained in the first WLS step by minim-
izing the errors of the following equations

=>=>

Au -u’
Au -’ (33)

Define 05 = [u’, u"T] , stack (32) and (33) together,
and the matrix equation regarding 0 is

& = By[Au”, Ary, 40", Aiy, Ain]" + DyAB

— hy-G,8 (34)
where
u Ix3  Osxs
AT A ~
u +slTsl—rf 2s{ 01x3
=1 . % _ ,Gy = | O3x3  Inxs (35)
u a+s; s -ii slT slT
T T
S S1+uTu 1 ?i 0153 2§
and
Isxs  03x1 Osxs 03x1 03
26" -2 03 O 0
B, = 03%3 0351 Isxs O3 Oz | |
[PR— ﬁTT -0
013 -r 20 -2 -i
03><6MT
2(ﬁ 51) 01><(6M—3)
03><6M
D2 = - N T
-, O3y (B-s1) 01 (3Mm-3)
 N\T
01x3 01 (30m-3) 2("1—51) 014 (3Mm-3)
(36)
The WLS solution 05 is acquired from (34) as
A T “laT
0, = (G, W2G2) G, Wrhy (37)
The weighting matrix W, is
71-1
Wz = E[£2€2]
-1
T
-y {(Ber1 + D,AB)(B,46, + D,4B)
(38)

Due to
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E[40,4B"] = E[ (G W1G1) G W1e14p”
— E[(G/W1G1) G W1 (Bida + D14B)Ap” |
= (GI'W,G:) "' GI'W,D,E[ABAB”]
= (GI'W,G;) ' GI'W,D,Q,
(39)
W, can be specifically expressed as

W, = (B, cov(8;)B] + D,Q,D} + B,(G/W,G,) 'G/'W,D,Q,DJ
+D,Q;D'W,G, (GI'W,G,) 'B])
(40)

-1

In summary, the steps for estimating the source pos-
ition u’ and velocity @’ in this paper are listed as
follows:

(i) Set W1 =Isar-1)x3mm-1) and use (GITGI)_IGlThl to
obtain an initial estimate of él ;

(ii) Utilize this initial estimate to form the approximate
W and reuse (26) to update 05

(iii) Find O, from (37), where W, is given in (40).

(iv) The final source position and velocity estimate can
be obtained from 0,(1 : 3) and 8,(4 : 6).

5 CRLB and performance analysis

5.1 CRLB

CRLB is the lowest possible variance achieved by an un-
biased linear estimator and often regarded as a bench-
mark for performance evaluation. This section gives a
new CRLB derivation of source position and velocity
based on TDOA, FDOA, and differential Doppler rate
with receiver location errors, which is different from [10,
17, 25]. As postulated in Section 2, three types of posi-
tioning measurement noise Aa and receiver location
error noise AP obey the Gaussian distribution with zero
means which are independent of each other. Thus, ac-
cording to the assumption mentioned above, the loga-
rithm of the joint density function of « and f
parameterized on ¢° is

Inf(a,B, ") = In/ (o ¢°) + Inf(B,9°)
= K5 [a-o’] Q" a-a’] - S [B-B7] Q' [B-P’]
(41)
where K= —1/2 ln((2ﬂ)3(M"1)|qu— 1/2 In((2m)°"|Qg))

is a constant, and ¢° = [857,8°7]" . Based on (41), the
CRLB for ¢° is given by

3 In 0

-1
) ] (6M+6)x (6M+6)
(42)

where CRLB(¢°) denotes the Cramer-Rao lower bound
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of ¢°. It can be seen from (42) that CRLB(¢°) is a 6M +
6 square matrix, in which only the upper left 6 x 6 sub-
matrix corresponding to the CRLB is of interest to us.
For the convenience of expression, we convert (42) into
submatrix form shown as

R, R,
CRLB(¢°) = 43
@ = &l (43)
where
x| (7 s @Ber)\] () e
' 2650037 ~\oegT ) e oes”
(@ mr@p o] (o e 44
el ()
_ L [(P Infe B¢\ _ (e \ L da |
r=( BB ﬂ’(a[s”) % opr T

The partial derivatives 0a®/005” and 0a®/0B°” are
given in Appendix 1 and 2, respectively. According to
the partitioned matrix inversion formula in [26], (44)
can be rewritten as

CRLB(03) = (Ri—R,R;'RY)™
— R'4+R;'R,(R;~RIR;'R,) ' RIR;!
(45)

It is important to emphasize that, in (45), R;' is the
CRLB of the source position and velocity without re-
ceiver location errors derived in [17]. Since (R3-RIR;!
R,) is the positive definite matrix, the second term in
(45) stands for the increase in CRLB in the presence of
receiver location errors. In the subsequent numerical
simulation section, the CRLB with receiver location er-
rors and that without receiver location errors will be
compared numerically to verify this analysis.

5.2 Performance analysis

This section gives a rigorously theoretical derivation re-
garding the relationship between the covariance matrix
of the proposed method and the CRLB derived in Sec-
tion 5.1. According to the definition of 0, below (33),
the covariance of the proposed method equals to the co-
variance of @,. Hence, to analyze the covariance of the
second-step solution 0,, we subtract both sides of (37)

by 05 = (GZTWZGz)fng"WszGg and use (34) yielding

A 0 _1
Aez = 92—92 = <G5W2G2) GgW2£2 (4-6)

It is easy to deduce that, under small noise condition,
the second-step solution @, is approximately unbiased
and its covariance matrix can be approximately
expressed by
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cov (62) :(GZT\’(/ZGz)f1 (47)

Then, replace W; and COV(él) in (40) by (27) and
(29), substitute W, in (47) by (40), the inverse of (47)
can be further approximately rewritten as

cov ((:)2>71:G3T Q;'G:-GIQ}'G, (Q[;l + GZQ;‘G4) GIQ;'Gs
(48)
where

G; = B'G,B,'G,
4
(_;4 _ BIlDl ( 9)
Under the following assumptions about small meas-
urement noise and receiver location errors [10, 25]

Ary [ry=0, || 4si||/r}=0

Ay [#20, || 48] /7,0 (50)
AFy [7520,  ||A8;|| /77,~0
fori=2,3,..., M, we obtain
oa’ oa’

G: = , = 51

3 aagT 4 aﬁOT ( )

Observe that the covariance matrix of the proposed
method in (48) and the CRLB in (45) are of the same
form. Under assumptions that the measurement noise
and receiver location errors are sufficiently small, we can
conclude that the CRLB is achieved.

6 Simulation results

In this section, numerical simulations are performed to
evaluate the theoretical development of the proposed
method. Consider a localization scenario including five
moving receivers used to determine one moving source
and their position and velocity are listed in Table 1. We
assume that the source moves in a circle with radius R,
height 400 m and absolute speed 30 m/s. The orientation
of the velocity is vertical to the line from the circle cen-
ter to source position. Therefore, the position and vel-
ocity of the source are respectively expressed as

u’ = [R cos¢, R sing, 400]Tm

u® = [-30 sing, 30 cos¢p, 0] m/s, ¢pe0,27] (52)
Table 1 Position and velocity of the receivers
Receiverno.i  x;(m) y;(m) z(m) X (Mm/s) y (m/s)  Z (m/s)
1 0 0 -100 O 0 0
2 0 300 0 -20 0 0
3 -300 O 0 0 -20 0
4 0 -300 O 20 0 0
5 300 0 0 0 20 0

(2019) 2019:25

Page 8 of 15

where R and ¢ are the moving radius and the azimuth
angle.

The simulation results illustrate the performance of
the proposed solution for different measurement noise
levels, which can be obtained from the following equa-
tions [19].

1 1 1
~ B,/B,T /SNR
V3 1 1
Ofr=—m——
S~ 7T /B,T V/SNR
V45 1 1

o, =
f 71? /B,T \/SNR

where o, 05 and o f respectively denote the standard de-
viation of TDOA,”FDOA, and differential Doppler rate
measurement error. By and B,, are respectively the signal
and the noise bandwidth, T is the integration time, and
SNR is the input signal-to-noise ratio. The covariance
matrix of measurement noises is

Or

Q
Qa = Qi' (54)
Q 3(M-1)x3(M-1)
where
Q = (CUT)ZV(M—I)X(M—I)
2
Qi = (Aoy) Viar-nx(a-) (55)

2
Q= (Ao*}-;) V1)< -1

The noisy receiver locations are simulated by adding
zero mean Gaussian noises to the true value with covari-
ance matrix

~|Q 56

W [ Q } 6Mx6M 6)
where Q = 62Viu3m and Qg = 0.1Q, with o repre-
senting the receiver position error level. In the following
simulations, the received signal is assumed to be binary
phase shift keying modulated, and we fix f. = 3GHz, B, =
100KHz, T'=0.1s, and B,, = 3B,, and vary SNR and o, by
small steps to characterize the performance of the pro-
posed solution for different measurement noise levels
and receiver position error level. The dBm means the dB
meters in the following. The estimation accuracy is eval-
uated in terms of the RMSE, which is defined as

L
RMSE(u’) = J > o we-w?/L
0 L ., .
RMSE(w°) = \/Zl_lu —w|]*/L

where u’ and @’ stand for the true value of the source
position and velocity, and each Monte Carlo estimate of

(57)




Liu et al. EURASIP Journal on Advances in Signal Processing

source position and velocity is expressed as w; and ;.
Each simulation includes L =5000 independent Monte
Carlo runs.

6.1 CRLB comparison

In this section, we compare the CRLB derived in Sec-
tion 4.1 with the CRLB in [17] to illustrate how sen-
sitive the localization accuracy is with regard to the
receiver location errors and SNR. We set R=500m
and ¢=7/3 in (52), thereby u® = [250,250+/3,400/m

and @ = [15/3,15,0] m/s.

Firstly, Fig. 1 depicts the CRLBs as o, changes from —
20 to 30 dBm and SNR = 10 dB. Based on (53), the calcu-
lated accuracy of TDOA, FDOA, and differential Dop-

pler rate is o,=19ns, or=0.01Hz, and Of = 0.8Hz/s,

respectively. The two covariance matrixes of measure-
ment noises and receiver locations noise are obtained by
(54) and (56). It can be seen that the gap between the
two types of CRLBs becomes more and more obvious
with the increase of g,. For the CRLB with receiver loca-
tion error derived in Section 4.1, there are relatively in-
crease compared with the CRLB without receiver
location errors in [17] at o0,=3.16m (20log;o(0,) =
10dB), which is not rare in practice [27, 28]. This implies
that the existence of the receiver location error can de-
teriorate the estimation accuracy of source position and
velocity.

Secondly, we fix the receiver location error at o=
10°°m and compare two types of CRLBs as SNR
changes from —20dB to 30dB shown in Fig. 2. It is
readily seen that the CRLB with receiver location
error is above the one without receiver location error.
When SNR is low, the localization accuracy is mainly
dominated by SNR and is not appreciably affected by
the receiver location errors. Therefore, these two
types of CRLBs are approximately equal. However, as
SNR increases, the negative influence of the receiver
location error on estimation accuracy gradually ap-
pears and this error limits further improvement of

(2019) 2019:25
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performance at high SNR, which signifies again the
necessity of taking into consideration the receiver lo-
cation errors during the design of localization
methods for moving source localization, at least in
the CRLB sense.

6.2 Robustness comparison

This section compares the robustness of the proposed
method with that of TSWLS method [25], Hu’s method
[17], as well as the three types of CRLBs [17, 25] via
Monte Carlo simulations, as ¢ changes from 0 to 2m in
(52). Moreover, to investigate the robustness of the pro-
posed method completely, we set four types of sources
with different radius shown in Fig. 3. SNR=10dB and
o, = 10%°m; the two covariance matrixes of measurement
noises and receiver locations noise are also calculated by
(54) and (56). Other simulation conditions are the same
as that in the previous one.

Figure 4 shows the robustness comparison among dif-
ferent methods with four different radiuses (R=20m,
500 m, 1000 m, 4000 m). The TSWLS method [25], Hu’s
method [17], and their corresponding CRLBs [17, 25]
are plotted to compare with the proposed method. The
experiment results and analysis are listed as follows:

1. The RMSE curves of source position and velocity
with R =500m and R = 1000m are shown in Fig. 4c,
d, e, and f. This is the scenario where the source is
in the moderate distance from the receivers. It can
be seen that due to the existence of receiver
location errors, Hu's method cannot attain its CRLB
and perform lower localization accuracy compared
with the proposed method. Moreover, as ¢ changes,
the proposed method always performs robustly
while the RMSE of TSWLS method increases
sharply at some values of ¢ even at high SNR due
to its rank deficiency problem in its second step.
More specifically, the matrix B, of the TSWLS
method in [25], defined as

-

108 : : . .
é CRLB with Receiver Location Error
S = == + CRLB without Receiver Location Error
x
O 107 ¢ 3
c
i)
=
o
o | [— e | -
10 ! ! . .
-20 -10 0 10 20 30
20log, (o )(dBm)
(a) Position CRLB
Fig. 1 CRLB comparison versus receiver location error when SNR= 10 dB. a Position CRLB. b Velocity CRLB

— 102 ; . .
£

e CRLB with Receiver Location Error
o == == + CRLB without Receiver Location Error
—

o

(@]

2

‘C

o

(7]

>

(b) Velocity CRLB
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/E\ CRLB with Receiver Location Error é CRLB with Receiver Location Error
§ = =+ CRLB without Receiver Location Error & q102[ — — ' CRLB without Receiver Location Error | |
m -
© 107 ] 5
(<] 2 ol === [
E= =< 5 10 =~ ==
7 ~ -~ o == -
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o ~ < . =
100 1 1 1 1 1 1 1 1 1 - 10—2 1 I L L L L 1 1
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(a) Position CRLB (b) Vvelocity CRLB
Fig. 2 CRLB comparison versus SNR when o, = 10%°m. a Position CRLB. b Velocity CRLB

2 diag{u’-s{} 03 0353 0351

013 2r] 013 0
diag{u’-s]} 03.; diag{u’-sl} 031
01x3 I 013 2r]

(58)

is not full-rank when ¢=kn/2, k=0, 1,..., 4 in current
localization scenario. For instance, when ¢ = /2 and R
=500m, [u’-s?]” equals to [0, 500,500]” and the matrix
(58) is not full-rank, which may lead to obtaining an in-
accurate estimation result when solving the inverse of
the matrix (58). On the contrary, the proposed method
can efficiently avoid this serious problem and always at-
tains the CRLB well.

2. The RMSE curves of source position and velocity
with R =20m are shown in Fig. 4a and b. This is
the scenario where the source approaches receivers.
It can be observed that the TSWLS method and
Hu’s method in [25] cannot give an accurate source
location, while the proposed method still works in
this near-field scenario and the accuracy curve

achieves CRLB very well. The reason why the
TSWLS method fails still lies in (58). For example,
when R = 20m, [u"—s‘f]T is [20 cos ¢, 20 sin ¢, 500]%.
The ratio between the maximum element and the
minimum element is at least 25. Therefore, the rank
deficiency problem of the TSWLS method still eas-
ily occurs in this condition.

The RMSE curves of source position and velocity
with R =4000m are shown in Fig. 4g and h. This is
the scenario where the source is far from the
receivers. With the change of ¢, the RMSE of the
proposed method still always matches its CRLB
without any fail point when the source moves in
the far-field scenario, while Hu’s method cannot at-
tain its CRLB under the condition of existing re-
ceiver location errors. Moreover, the TSWLS
method does not work and is not suitable for locat-
ing the far-field source, even after considering the
receiver location errors in the method.

In summary, when the source is close to or far from

the receivers, the estimation accuracy of the TSWLS
method is poor. In addition, even if the source moves to
a moderate distance from the receivers, this method

Receivers
Source 1 (R =20m) 0‘
Source 2 (R = 500m)

Source 3 (R = 1000m)
Source 4 (R =4000m)

+ X0 e e

4000

Y(m)

Fig. 3 Localization geometry of receivers and sources (circular motion)
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(See figure on previous page.)

Fig. 4 Robustness comparison among different methods with different radius when SNR=10dB and o, = 10%°m. a RMSEs of position with radius
of 20 m. b RMSEs of velocity with radius of 20 m. ¢ RMSEs of position with radius of 500 m. d RMSEs of velocity with radius of 500 m. e RMSEs of
position with radius of 1000 m. f RMSEs of velocity with radius of 1000 m. g RMSEs of position with radius of 4000 m. h RMSEs of velocity with

radius of 4000 m

always suffers the rank deficiency problem in some spe-
cial points. Moreover, Hu’s method cannot achieve its
CRLB and is not suitable for scenarios with receiver lo-
cation errors. On the contrary, the proposed method al-
ways attains its CRLB well and performs a better
accuracy wherever the source moves, which exhibits
strong robustness and better estimation performance.

6.3 Performance comparison

In order to further evaluate the efficiency, we study the
localization performance of the proposed solution in
terms of RMSE corresponding to different receiver loca-
tion errors and SNRs. We compare its performance
against Hu’s method in [17], TSWLS method in [25], as
well as the three types of CRLBs via Monte Carlo simu-
lations. It should be explained that the improved
TSWLS method in [14] is not simulated in this section,
because this method used the TDOA and FDOA mea-
surements only and not considered the receiver location
errors, which will definitely result in some negative in-
fluences on estimation. The source location where R =
500m and ¢= /3 are set in this simulation, which is a
robust position for the compared methods. SNR is equal
to 10dB when we investigate the estimation perform-
ance by varying receiver location error o, o, is set to
10°° m when SNR changes. Other simulation conditions
are the same as that in Section 6.1.

Figure 5 shows the RMSEs comparison among differ-
ent methods versus receiver location error when SNR =
10dB. The excess RMSE for the TSWLS method is of
course due to the fact that it does not employ the

differential Doppler rate measurements. Both Hu’s
method and the proposed method give a similar per-
formance by attaining the CRLB at a sufficiently low
level of the receiver location errors. Note that, in com-
parison with other methods, the proposed method at-
tains the CRLB well as o, increases especially for velocity
estimate. Even though there is slightly above the CRLB
for position estimate at 25dB, it is still much smaller
than those using Hu’s method, which deviates from the
CRLB early at 0 dB. Moreover, the superiority of the pro-
posed method becomes more and more obvious with
the increase of g, because of considering the receiver lo-
cation errors in the process of method solved.

Figure 6 provides the performance comparison of dif-
ferent methods as SNR changes from - 20 to 30 dB, and
the level of receiver location error is fixed at 10%°m.
From Fig. 6, we conclude that the proposed solution still
has the best performance and its RMSE curve always at-
tains CRLB derived in Section 4.1 until SNR decreases
to —10dB. However, Hu’s method cannot achieve the
CRLB even at high SNR. The reason is that the first step
of Hu’s method could not provide a proper initial value
for its second iteration step because of the existence of
the receive location errors, which would easily converge
to the local optimal. As for the proposed method, there
is no convergence or initialization problem due to its al-
gebraic solution expression. With the decrease of SNR,
the performance deterioration phenomenon of Hu’s
method would become more and more obvious, but the
proposed method still exhibits good performance. It
proves again that the receiver location errors can limit
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the localization accuracy and the necessity of consider-
ing the receiver location errors in the method.

6.4 Running time comparison

The computational complexity is also another important
index for evaluating the performance of the method. For
this purpose, Table 2 compares the time cost of the pro-
posed method, Hu’s method [17], and the TSWLS
method [25]. It should be pointed out that the running
time is obtained from the average time of 1000 inde-
pendent runs. The main configurations of the computer
are listed as the following: Intel(R) Core(TM) i7-6700
CPU @ 3.40GHz; 8.00G RAM.

It can be seen from Table 2, Hu's method and the pro-
posed method cost more time than the TSWLS methods be-
cause the additional differential Doppler rate measurement is
added into the traditional TDOA-and-FDOA-based method.
The running time of the proposed method is approximately
three times larger than that of the Hu's method even using
the same positioning measurements, which endures the rela-
tively heavy computational burden among the methods. This
is hardly surprising since the proposed method takes the re-
ceiver location errors into consideration while the existing
methods did not. That is to say, it is at the expense of the
higher computation cost that the proposed method achieves
higher localization accuracy. In consideration of remarkable
performance improvement, the increased but acceptable
complexity is worthy.

Table 2 The comparison of the method in terms of average
running time

Methods Running time
(ms)

The proposed method (using TDOA, FDOA, and 50714

differential Doppler rate with receiver location errors)

Hu's method [17] (using TDOA, FDOA, and differential 15132

Doppler rate without receiver location errors)

The TSWLS method [25] (using TDOA and FDOA only) 09123

7 Discussion

To summarize, this paper mitigates the effects of re-
ceiver location errors in the localization accuracy and
gives a final algebraic solution without extra mathemat-
ics operations usually used in existing methods. Based
on the simulation results, we can observe that the pro-
posed method can effectively avoid the rank deficiency
problem when the source moves around. Moreover, the
proposed method achieves the corresponding CRLB well
at moderate noise and error levels and produces a re-
markable gain in estimation accuracy compared with the
existing methods for low SNRs and large receiver loca-
tion errors. However, the complexity of the proposed
method is higher than that of the existing methods be-
cause the proposed method considers the receiver loca-
tion errors into the measurement model, while the
existing methods did not. And this solution is for the
localization of a single source only. We currently focus
on extending it to the multiple source localization sce-
nario with lower computational complexity. In addition,
the estimation accuracy of TDOA, FDOA, and differen-
tial Doppler rate distinctly affect localization accuracy;
hence, we intend to propose a high accuracy estimation
method in our further study.

8 Conclusions

To improve localization accuracy and make the
localization model closer to the practical environment,
an algebraic method for moving source localization
based on TDOA, FDOA, and differential Doppler rate
measurements in the presence of receiver location errors
is presented in this paper. The proposed method gives a
final algebraic solution without iteration and extra math-
ematics operations by employing the basic idea of WLS
processing, while the existing methods did not. The con-
sideration of receiver location errors makes the proposed
method achieve CRLB, no matter whether there exist re-
ceiver location errors or not. The proposed method was
compared with several existing methods and showed
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generally better robustness and performance as SNR and
receiver location error change both theoretically and
numerically.

9 Appendix 1

9.1 Detailed derivation of da°/d3"

The partial derivative da®/d05" can be written into the
submatrice form as

or° or°
a 0 ag"oOT aéjl'OOT
o 7 I
ol = T -oT (59)
00 u’l oy
o’ o
ou’T  9i°T 1 3m-1)xe6
According to (4), (5), and (8), let
a’ — (uo_s;))
4 r;)
. . T
b — (uo_sz) 7y (u"—sf) (60)
: re re?
, 27 (w-st)" 2i(ie-)" #(u-sp)"
Ci = }"93 r02 - rq2

for i=1, 2,..., M. Thus, the partial derivatives of »° and
7 with respect to u° and #° yields (61), shown as

0 0 0 0
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or® or° 2% o 2701
ou°T al‘{OT al ;ao " oueT b ;ba
M1 1 (M-1)x3 M1 1 (M-1)x3
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or° o or° or’ o’ 27
ot — Q-1)x3 ToT — T = :
auoT ( )%3 auoT ou°T ’ ou°T &
M1 ] (M-1)x3

(61)

10 Appendix 2

10.1 Detailed derivation of da°/dp°"

In a similar manner, the partial derivative da’/0p°” can
be written as

oo
5 %gf;T aasoT
o i’ 7
e 62
aﬁoT asoT asoT ( )
G
95T 95°T 1 3(m-1)x6m

with the elements of submatrices are given by

(2019) 2019:25

Page 14 of 15

o o

or° a) -a; or°

: ' osoT
0 0

a, —ay

3

0 _ bo a;:.o
. ’ os°T

0 0
1 ~by
0 0

[ -5

0 0
51 €y

and

a'_i" or’° a_r" or° or°

= 2 =
a&”T os°T ’ a:goT os°T ’ as.oT
= O(p-1)x3M

(64)

fori=1,2,..., M.
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