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1. Introduction

Discussions at RAN2#67bis raised the question of whether OTDOA positioning can continue through a handover.  This contribution gives some analysis showing how and why it in fact can.
2. Discussion

One reason why handover might be presumed to affect an OTDOA computation is that the serving cell and the reference cell have historically been considered to be the same – e.g., on the basis that the serving cell will normally provide the strongest and most easily and accurately measured signal. However, this restriction is artificial, since any (non-serving) reference cell can be used whose signal can be received and measured by the UE.  While it is true that the serving cell is a natural choice for the reference cell, since it is the one cell the UE must be able to hear, a subsequent change of serving cell does not invalidate measurements taken (before or after the handover) with respect to that cell.
A second reason for assuming that handover may prevent OTDOA from continuing is that following handover, the signal from the reference cell may no longer be measurable,e.g., if the reference cell was the old serving cell. This reason is also not generally valid since while handover may be a consequence of changing signal levels from nearby cells, it does not typically mean that signals from the previous serving cell) can no longer be received—indeed, the hearability of reference signals from non-serving cells is precisely the basis of OTDOA positioning.
Furthermore, even in the case that signals from the reference cell can no longer be received by a UE, it is still possible to calibrate the internal UE clock to the transmission timing of the reference cell (prior to signal loss) and extrapolate the reference cell timing that would have been received at any later time, based on the timing of the new serving cell.

To show more specifically how OTDOA can continue following a handover, consider the example shown in Figure 1.
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Figure 1: OTDOA measurements with reference cell different from serving cell

The transmission times Ti from the eNBs in Figure 1 and the reception times τi at the UE are separated by di/c (where c is the speed of light).  This is true irrespective of whether the considered pair of transmitters include the reference cell or not, of course.

The UE has direct access only to the reception times τi; these times can be related to the unknown position (xT,yT) of the mobile and the known position (xi,yi) of the transmitting base station by the equation
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for each i.

To compute the “observed time differences of arrival” that give OTDOA its name, each such arrival time is considered relative to the arrival time τ1 from the reference base station:
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(with error terms neglected for simplicity).  The transmission time differences (Ti-T1) and the eNode B positions (xi,yi) are given in the assistance data, meaning that the above equation, in the form
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defines a hyperbola of solutions (xT,yT).

The point is that this equation is in no way dependent on the UE being served by the reference cell.  It must be able to either hear or extrapolate the reference cell, but a handover will not normally affect hearability and should never affect the ability of the UE to  extrapolate the timing of the reference cell.

A similar analysis applies when the error terms are included, but the details are beyond the scope of this paper.  A fuller analysis is provided in the Annex.
Note, finally, that in the event that a handover or other change in radio conditions does prevent a UE from continuing to perform OTDOA measurements (e.g., by preventing a UE from measuring the neighbour cells designated by the E-SMLC, or because the old serving cell becomes unhearable and a particular UE implementation does not extrapolate its timing), the UE can always indicate that to the E-SMLC (e.g. by returning its current measurements to the E-SMLC together with an indication that the reference cell is no longer measurable) and thereby afford the E-SMLC an opportunity to restart the process using a new reference cell and a new set of neighbour cells. Such a restart would then occur in a flexible manner and only when needed.  Alternatively, the UE could simply request additional assistance data; however, the more explicit indication should be considered in case the need to request assistance data would affect the performance of the positioning operation.  Probably both alternatives could be allowed though some further discussion will be needed to agree and finalize the details (e.g. at an ASN1 level).
3. Conclusion
In accordance with the analysis of section 2, we conclude that in fact handover need not cause an interruption in an OTDOA positioning operation, and we propose that RAN2 conclude that LPP should support continuity for OTDOA.
We have not identified any specification impact from this decision, but RAN2 are invited to consider whether the decision itself or the implications for UE implementations (e.g., decoupling the reference cell timeline from the serving cell timeline) should be documented.
In addition, we propose that RAN2 consider how to handle cases where a UE cannot continue with its original reference cell after a handover – e.g. as part of the completion of OTDOA support at a detailed level. 
4. Annex: Further Analysis
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ON SELECTION OF A REFERENCE CELL FOR OTDOA
MEASUREMENTS

1. INTRODUCTION

For OTDOA location, the mobile station measures the time-of-arrival (TOA) of
signals received from several base stations, relative to the mobile stations internal
time base. When the measurements are reported to the network, the TOAs from
several neighbor base stations are subtracted from the TOA of a reference cell to form
time-difference—of-arrivals (TDOAs). These TDOAs are defined as Observed-Time—-
Difference-Of-Arrivals (OTDOAs).

This contribution shows that the selection of the reference cell has no impact on the
location results. Any measured base station can be used as a reference for formation
of OTDOA measurements.

2. OTDOA LocATiON EQUATIONS

The Time-of-Arrival (TOA) values measured by the mobile station are related
to the geometric distance between the mobile and the base stations. We adopt a
Cartesian coordinate system in the z—y plane. The true mobile location is denoted as
x; = [z4,7¢]7. The coordinates of the base stations are expressed as x; = [x;,;]”, for
i =1,...,N, where N is the number of cells participating in the position estimation
process.

The N TOA values measured at the mobile station can then be written as

(2.1) 7i=T;+di/c+e¢ fori=1,...,N

where

T is the estimated TOA at the mobile station from i—th cell;
T; is the time at which the cell transmits a downlink subframe;
d; is the distance between the mobile and the i—th cell;

c is the speed of light; and

€ is the mobile TOA measurement error due to noise, interference, etc.

The distances d; can be expressed in terms of the (known) coordinates of the base
station [z;,7;]7 and the (unknown) coordinates of the mobile station [Z¢, §]”:
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(2.2) di = /(& — )2 + (9 — vi)? /e -

In OTDOA location, the TOA’s measured from a neighbor cell are subtracted from
the TOA measured from the reference cell. These TOA differences are defined as
OTDOA. Selecting base station #1 as reference cell the OTDOA’s are given by:

OTDOAy = #—#
= V@ —22)? + (9 — y2)?/c — /(@ — 21)? + (5 —y1)?/c

+(To —T1) + (e2 — €1)

OTDOAs, = 75—
= V(@ —3)?+ (G —y3)%/c— /(@ — 21)% + (G — y1)?/c

+(T3 —T1) + (3 — €1)

OTDOAN, = #n —7
= V(@ —an)2+ @ —yn)2/c— /(@ —21)2 + (9 — 1) /c

+(ITn —Th) + (en —€1)

The equations (2.3) contain the time differences of the cell transmission (7; — T1).
These cell synchronization differences are called Real Time Differences (RTD’s) in
OTDOA location. Re-arranging the equations (2.3) gives:

2.4
( 3ﬁA21 — RTDy1 = /(&1 —32)%+ (Gt — y2)%/c — /(& — 21)% + (9 — 11)?/c
+(e2 —€1)
OTDOAs1 — RTDs1 = /(& —@3)2 + (Gt — y3)2/c — /(@& — 212 + @G — y1)2/e
+(€3 —€1)
OTDOAxy — RTDyy = V(@ — 2N+ (G —yn)? e — /(@ — 21)? + (9 — y1)?/c
+(ev —e)

where RT'Djy =1T1; — Ty, fori=2,...,N.
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Assuming that the base station transmissions are perfectly synchronized, then
RTD;; = 0, and the equations (2.4) define time-difference—of-arrivals (TDOA’s).
Geometrically, each time (or range) difference determines a hyperbola, and the point
at which these hyperbolas intersect is the desired mobile location.

From the (N — 1) OTDOA equations (2.4), the desired location of the mobile %; =
[Z¢,9:]7 can be determined, given:

(a) the OTDOA values OﬁAil between cell i and reference cell measured at
the (to be positioned) mobile station;

(b) the RTD values between cell ¢ and reference cell available in the network by
some means; and

(c) the geographical coordinates x; = [z;,y;]” of the cells i = 1,..., N.

The OTDOA equations (2.4) can be more compactly written in matrix notation:

(2.5a) r = Td/c+n
(2.5b) = f(x;)+n ,
where

-1 1 0 0 0

-1 0 1 0 0
(2.6) T = )

-1 0 0 01
and
(2.7) n = Te

r is the (/V—1) dimensional column vector of the for the RTD values corrected OTDOA
measurements with elements OT/I%A“ — RTD;;, d is the N dimensional column
vector containing the distance from the cell i to the mobile d; as shown in equation
(2.2), and € is the N dimensional column vector containing the errors €; of the TOA
measurements. The elements of the vector f(x;) have the form

(2.83)  filxt) = (@ —2)2+ @G —yi)2 e — V(@ — x1)% + (G — y1)?/c
(2.8b) — (di—dy)/e i=2...,N.

The measurement error n in (2.5) is assumed to be a multivariate random vector
with covariance matrix

(2.9) N = E{(n-E{n})(n - E{n})"}
(2.10) = TN.TT |
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where N, is the covariance matrix of the TOA estimates performed at the mobile
station.

If x; is regarded as an unknown but non—random vector and n is assumed to have
zero mean and a Gaussian distribution, then the conditional probability density func-
tion of r given x; is

1

(2.11) p(rlx:) = (2m)(N=D/2|N|1/2 exp {—

(1/2)[r — £(xe)]"N"r — £(x0)]}

The maximum likelihood estimator is therefore the value x; which minimizes the
following cost function:

(2.12) Q(xs) = [r — £(x)] "N [r — £(xy)]

The minimization of Q(x;) is a reasonable criterion even when the additive error
can not be assumed to be Gaussian. In this case, the resulting estimator is called the
least squares estimator and N~! is regarded as the matrix of weighting coefficients.

A common approach to minimize the cost function (2.12) is to linearize the f(x;).
f(x;) can be expanded in a Taylor series about a reference point x¢ and the second
and higher order terms can be neglected. This results in an iterative procedure to
minimize (2.12) and solve for the mobile location x;. The covariance matrix of the
position estimate is then given by [1]:

(2.13) Q = E{(—E{&}) (% — E{&:})"}

(2.14) = (GIN"lg)™t

with the geometry matrix G containing the partial derivatives of f(x;):
(&t —@2)/dy — (Zt —21)/dv (Gt — y2)/d2 — (Gt —y1)/da

(215 Q= (2t — x3)/d3 - (&t —21)/dv (Gt —y3)/ds R (G —y1)/da

(24 _xN)/dN._ (&t —x1)/da (th_yN)/dN'_ (G —y1)/da

and N is given by (2.10).

3. SELECTION OF A REFERENCE CELL

The matrix T is a difference operator and equation (2.6) is just one example based
on the derivation of the OTDOA equations in (2.4) where one reference cell is used
for forming the OTDOAs, i.e.,

(3.1) OTDOAs =7 —F1, i=2,...,N
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However, OTDOAs can be formed using any cell as reference. E.g., in case of
sequential differencing such as

(3.2) OTDOAjp1; = Fip1 — 75y i=1,....N

I

each OTDOA would have a different reference cell, and the matrix T would have the
form

—1 1 0 0 0 0 0

0 -1 1 00 00

(3.3) T = 0 0 -1 1 0 0 0
|0 0 000 -+ -1 1]

Aslong as T is a (N — 1) x N difference operator where each row contains (N — 2)
zeros, a 1, and a —1, and has full rank (N — 1), no information is lost and the same
covariance of the location estimate is obtained, as shown in the following.

Defining

(% —x1)" /dy

)A(t — X T
(3.4) P ( '2) /dso |

(% —xn)" /dn

where %; = [#y,;]” is the estimated mobile location, x; = [x;,;]7 are the coordinates
of cell i, and d; = \/(&+ — x;)% + (§+ — y;)? is the distance, the geometry matrix G in
(2.15) can be written as:

(3.5) G =TF

The covariance matrix of the position estimate (2.14) is then:

(3.6) Q= (F'T'N"'TF)"'
With N given by equation (2.10), we obtain
_ -1
(3.7) Q= (FT T7 (TN, T7) 1TF)

If we assume each TOA measurement has the same error variance o2, then N, =
02Ty, where Iy is the (N x N) identity matrix, we can write for (3.7)
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(3.8) Q=02 (F"PF)
with
(3.9) P=17 (TT") "' T
P is the (N x N) projection matrix onto the plane perpendicular to the (N x 1)
vector ey = [1,1,---,1]7, which is given by [2]
(3.10a) P = 17 (TT")7'T
T

(3.10D) — Iy - XN

eyen

1 T
(3.10¢) = Iy-— Neven

Note, that (3.10) expresses P in a form independent of a particular difference op-
erator T used. This implies that all the various possible difference operations lead to
the same solution.

In general, the variances of the individual TOA estimates are not identical, and
therefore, N is not an identity matrix. In general

(3.11) Ne=| . 7

0 0 0 o
Defining

_ _1
(3.12) F = N,°F

_ 1
(3.13) T = TN,2
we can write for (3.7):

o — _ 1 - _\—1
(3.14) Q = (FTTT (TT7) 1TF)

(3.15) — (FTPF)

with
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(3.16) P=17(TT") ' T
P is a projection matrix to the range of T. As ey is orthogonal to T, &y is
1

orthogonal to T, with ey = N, ey. Therefore

(3.17a) P = T(TT")'T
s..aT

(3.17b) = IN—(_??N
enven

Nl

_1 _
N, 2 e]\/e%N6

e;{,Ne_leN

(3.17C) = IN
We can substitute (3.17¢) back into equation (3.15):

-1
_1 _1
N, 2eNeﬁN6 2

3.18 = [F" |1y — F
( ) Q N e;{,Ne_leN
-1
B N_leNeTN_1
NiVe €N

Also in this case P is expressed in a form independent of a particular difference
operator T used. Hence, all the various possible difference operations lead to the
same solution.

4. SIMULATION EXAMPLE

The impact on the selection of a reference cell for OTDOA is investigated using
system simulation results in an LTE network. The UrbanA environment is used as an
example and simulations are performed using RAN1 agreed principles and parameters.
Positions are calculated using different reference cells.

Figure 1 shows the CDF of the position error using the first, second, etc. up to
the sixth base station as reference for generating OTDOAs. The “Seq.Diff.” curve
in Figure 1 is using the sequential differencing matrix T (equation (3.3)) where each
OTDOA has a different reference cell. All seven curves in Figure 1 are on top of each
other, i.e., as expected from the analysis in section 3, all the different cases yield the
same result.
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FiGURE 1. CDF of position error in UrbanA environment for LTE
when using different reference base stations for determining OTDOAs.
All seven curves are on top of each other.
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