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DOPPLER FREQUENCY DETERMINATION
FOR MOBILE WIRELESS DEVICES

TECHNICAL FIELD

[0001] Embodiments of the invention relate to wireless communications. More
particularly, embodiments of the invention relate to determination of speed of movement

of a wireless mobile device using Doppler frequency information.

BACKGROUND

[0002] Orthogonal Frequency Division Multiplexing (OFDM) has been adopted by
many wireless standards and has been implemented in many systems. The standards
include, for example IEEE 802.11 and IEEE 802.16. IEEE 802.11 may include IEEE
802.11b, 802.11g, 802.11a, 802.11n and/or other parts of 802.11. IEEE 802.11b
corresponds to IEEE Std. 802.11b-1999 entitled “Local and Metropolitan Area Networks,
Part 11: Wireless LAN Medium Access Control (MAC) and Physical Layer (PHY)
Specifications: Higher-Speed Physical Layer Extension in the 2.4 GHz Band,” approved
September 16, 1999 as well as related documents. TEEE 802.11g corresponds to IEEE
Std. 802.11g-2003 entitled “Local and Metropolitan Area Networks, Part 11: Wireless
LAN Medium Access Control (MAC) and Physical Layer (PHY) Specifications,
Amendment 4: Further Higher Rate Extension in the 2.4 GHz Band,” approved June 27,
2003 as well as related documents. 1EEE 802.16 corresponds to IEEE Std. 802.16-2004
“IEEE Standard for Local and Metropolitan Area Networks Part 16: Air Interface for
Fixed Broadband Wireless Access Systems” and IEEE Std. 802.16¢-2005 “IEEE Standard
for Local and Metropolitan Area Networks Part 16: Air Interface for Fixed and Mobile

Broadband Wireless Access Systems.”
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[0003] Currently, wireless communications systems are designed to function without
knowledge of movement of the mobile units. For example, a cellular base station may not
receive information describing movement of a mobile device subscribed to the base
station. This requires the base station to react to changes caused by movement of the

5 mobile device and may require unnecessary overhead to assure acceptable network
performance. Thus, current wireless communication systems may suffer from
inefficiencies.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention are illustrated by way of example, and not by way
10 of limitation, in the figures of the accompanying drawings in which like reference

numerals refer to similar elements.
Figure 1 is a conceptual diagram of one embodiment of a wireless network.
Figure 2 is a conceptual block diagram of H .

Figure 3 is a conceptual diagram of one embodiment of a maximum likelihood

15  estimation agent.

Figure 4 is a conceptual diagram of one embodiment of a simplified maximum

likelihood estimation agent.

Figure S is a flow diagram of one embodiment of a technique for utilizing Doppler

frequency information in a wireless communications network.

20 Figure 6 is a block diagram of one embodiment of a base station.
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DETAILED DESCRIPTION

[0004] In the following description, numerous specific details are set forth. However,
embodiments of the invention may be practiced without these specific details. In other
instances, well-known circuits, structures and techniques have not been shown in detail in
order not to obscure the understanding of this description.

[0005] The maximum Doppler frequency, f,, is the ratio of the speed of a mobile
device to the carrier wavelength. Knowledge of mobile device speed may allow
improvement of system performance in a multi-cell wireless communication system. For
example, in a pico-cell deployment overlaying macro-cells, the Doppler frequency
information for the mobile devices may allow improvement in user assignments to proper
base stations and thus reduce the number of handovers required. The mobile device speed
may also be helpful in implementation of physical- and network-layer functions such as,
for example, adaptive and fast link adaptation, and accurate channel prediction. Thus,
scheduler gain due to multiuser diversity and spectral efficiency of the system may be
increased. Other advantages may also be recognized as a result of accurate Doppler
frequency information.

[0006] Described herein is a technique for Doppler frequency estimation in
Orthogonal Frequency Division Multiplexing (OFDM) systems. The technique is a
frequency domain approach that may be applied to any OFDM protocol because the
technique utilizes pilot subcarriers, and thus does not increase the system overhead. An
estimator may be implemented as a relatively low-complexity finite impulse response
(FIR) filter bank with coefficients that may be pre-calculated and stored in memory. In
one embodiment, determination of intercarrier interference (ICI) may be provided to avoid

use of an error floor as is commonly used in current estimation systems.

3
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[0007] Figure 1 is a conceptual diagram of one embodiment of a wireless network.
The wireless network may support communications utilizing any type of OFDM-based
protocol. The wireless network may also support additional protocols. The wireless
network may be used, for example, for cellular voice communications and/or data transfer.
[0008] Base station 100 may provide an access point for wireless communications for
one or more mobile wireless devices such as, for example, wireless mobile device 175.
Any number of wireless mobile devices may be supported. A wireless mobile device may
be, for example, a cellular telephone, a laptop computer, a personal digital assistant, a
smart phone, or any other wireless-enabled device. Base station 100 may have a range
(e.g., 1 km) corresponding to cell 110.

[0009] As mobile wireless device 175 moves within cell 110, it may communicate
with base station 100. If mobile wireless device 175 exits cell 110, it may be transferred
to another base station (not illustrated in Figure 1). The process of passing wireless
mobile device 175 from one base station to another may be referred to as a handover. In
general, handovers have an associated overhead that may consume network resources.
[0010] In some network configurations a cell (e.g., 110) may include one or more
picocells (e.g., 135, 145), each of which may have a corresponding base station (e.g., 130,
140). A picocell may be an area (e.g., 100 m) in which a picocell base station may
provide improved coverage for mobile wireless devices to fill coverage holes or provide
higher overall capacity. A picocell may be implemented, for example, in a building for
cellular phone service or an airplane for wireless networking.

[0011] By determining the movement of a mobile wireless device as described herein

a base station (or other network component) may reduce frequent handovers, provide more
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efficient handovers, improved signal quality and/or other advantages that may not be
available without information related to movement of the mobile wireless device.
[0012] The techniques described herein may be implemented in hardware, software,
firmware or any combination thereof, generically referred to as an agent. In the

description that follows, the transmitted OFDM signal may be written as:
x(m)= Tdeeﬂ”km/N Eq. 1
N

where N is the FFT size or total number of subcarriers, d,, is the transmitted data or pilot
signal. Innull subcarriers d, is zero. The received OFDM signal at time m through a

time-varying multipath channel may be written as:

(m) Zh( Yelm 1)+ w(m) Eq.2

where w(m) is additive white Gaussian noise (AWGN) with zero mean and variance of
1/SNR, h,(m) is the channel gain of the /-th multipath at time m.

[0013] After discarding the guard interval and FFT operation, the k-th output of the

FFT may be written as:
N-1
\/_ Zy(m)e 2AnIN — d H + o+ Wy Eq.3

where H, represents the channel effect and may be written as:

1 N-1
-~ D H,(m) Eq. 4
m=0
and
7,1
H,(m)= D h,(m)e >™"" Eq. 5
=0
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further where (in Eq. 3) ¢, represents the inter-channel interference (ICI), which may be

written as:

1 Zfd Nle J2mm-k)IN
= ;M ()" Eq. 6

m=0,mzk u=0

and (also in Eq. 3) W, may be written as:

1 N-1 )
W, =——=> w(u)e ™"~ Eq.7
N (u)e

[0014] In one embodiment, in order to allow the use of more than one OFDM symbol
to estimate the maximum Doppler frequency, a certain amount of latency may be
considered acceptable. When multiple OFDM symbols are considered, Eq. 3 can be
replaced with:

Yo, =d,H, +a,, +W,, Eq. 8
Where n denotes the n-th OFDM symbol.

[0015] Because d,,,, k € P may be known where P is a set of indices of pilot

subcarriers, a noisy estimate of a channel may be represented by:

~ Y,

H, ="t Eq. 9
k,n A{,n q

FI:Hk,n—i_ak%dk +Wk/dk Eq. 10

Because |d,|=1, the cannel estimation vector of the & -th subcarrier over M consecutive

or

OFDM symbols may be written as:
Hk = [Hk,n’Hk,n+1"“’Hk,n+M—l]T Eq. 11

Figure 2 is a conceptual block diagram of H L
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[0016] The probability density function (pdf) of the ICI compnent, «,, may be a

weighted Gaussian mixture pdf. However, through the central limit theorem, ICI may be

approximated as a complex Gaussian random variable. H, may be modeled as a zero-

mean, circularly symmetric, complex Gaussian vector with the following pdf:

p(A,)= (7" det(R)) exp(-H/R'H,) Eq. 12
where R is the autocorrelation matrix of vector H, .
[0017] In one embodiment, the autocorrelation matrix of vector H . may be obtained

using the following:

. 1
E{H,, . H, }:WZZ.]O ~ Eq. 13

1,=01,=0

SLN {27?de(l1 —1 +An(N+NG))

where T is the symbol duration excluding the guard interval, Ng is the guard interval in

samples and £, is the Doppler frequency in Hz.

1 N-1

N-1
W Z ZE{dml,n+An d:12,n }X

my=0,m #k my=0,m,#k

E {ak,n +An ak,n }:

erf(ml _mz)]o N

L=01,=0

N1y Ez 7T~ 1+ An(N +Ny))
X

ej27r(11 +An(N+NG))(m1—k)/Ne—jZniz(mz—k)/N Eq. 14
where r,(Ak) represents frequency domain correlation.

[0018] In exponential decaying delay profile
T,-1
r,(Ak)= cZe’”’m 1Ty g 2makiN Eq. 15
=0

In general, the delay profile information may not be available. In this case r, (Ak) =1 may

be used. In one embodiment, £ {d d } may be obtained based on the nature of the

myn+An " my 0
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data (e.g., whether the data is a known pilot or null or random data). The correlation

between the channel and the ICI may be described as:

. IS S
E{Hk,n+An ak,n }:W ZE{dm,n }X
m=0,mzk
N-1N-1 _
erf(k—myo[zddT(ll l, ‘;]An(N"‘NG)) o2 (m k)N Eq. 16
1,=00,=0

5 [0019] The maximum likelihood estimation (MLE) is equivalent to the minimum cost
function:
A (f,T)=Indet(R)+H/R H, Eq. 17
Thus, the MLE using the k-th subcarrier may be written as:

de:argrf}iTnAk(de) Eq. 18

10 [0020] In one embodiment, the complexity of the MLE may be reduced via Cholesky

factorization:
. . ~ 2
r?d%nAk(de):r%%nlndet(R)Jr”LHHk” Eq. 19

where R™ = LL” and the lower triangular matrix L is defined as:

I, 0 0 0
Ly L, 0 0
L=|l, L, Ly = Eq. 20
: : : : O
_lM 1 lM 2 IM 3 lM M|

15  The matrix L may be pre-calculated and stored using a pre-determined set of f, 7" values,
for example, f,7 =0~ 0.04 with a step size of 0.001.
[0021] Figure 3 is a conceptual diagram of one embodiment of a maximum likelihood
estimation agent. The maximum likelihood estimation agent illustrated in Figure 3 may be

implemented as hardware, software, firmware or any combination thereof.
8
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[0022] Received samples, ¥, ,, 300 may be received and combined with %Z to
k,n

generate channel estimates (A kM-l H i) 310,312, 316, 318. The channel estimates

may be combined with the pre-calculated values of matrix L (320, 330 ... 350) as
described above. Each row may be summed (322, 332 ...) and squared (324, 334 ...
355).

[0023]  The result may be summed, 370, with Indet(R) to generate A(f,T). Then

argr?iTnA «(f,T), 380 may be performed to generate f,7. The resulting value may be

used to determine movement of the source mobile wireless devices. The movement data
may be used, for example, to facilitate a handover or to adjust transmission parameters by
the base station and/or the mobile device.

[0024] In one embodiment, the complexity may be further reduced by low rank
approximation. To accomplish this the implementation may be modified to permute
clements in H . and thus auto-correlation matrix R as well in order to have decreasing
power of the diagonal components of L. If E is the permutation matrix that yields the

above property, then

H =EH, Eq.21

R= E{ﬁkﬁf }: E'RE Eq. 22
and

R'=E'RE Eq. 23

Applying Cholesky factorization to R™
R'=LL" Eq. 24

where
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5,0 0 0 |
Ly by, 0 0
L= Z,l Z,z Z,3 S Eq. 25
oo E 0
_IM,I IM,Z IM,3 IM,M_
[0025] Figure 4 is a conceptual diagram of one embodiment of a simplified maximum

likelihood estimation agent. The simplified estimation agent is based on the low rank
approximation described above. The simplified maximum likelihood estimation agent
illustrated in Figure 4 may be implemented as hardware, software, firmware or any

combination thereof.

[0026] Received samples, ¥, ,, 400 may be received and combined with 1 o
k,n

n+M-1° °

generate channel estimates ( L . H i) 410,412,416, 418. The channel estimates

may be permuted, 420, as described above and combined with the pre-calculated values of
matrix L (430 ... 450) as described above. Each row may be summed (436, 456 ...) and
squared (438 ... 458).

[0027] The result may be summed, 470, with Indet(R) to generate A(f,T). Then

argr?iTnA (f,T), 480 may be performed to generate f,7. The resulting value may be

used to determine movement of the source mobile wireless devices. The movement data
may be used, for example, to facilitate a handover or to adjust transmission parameters by
the base station and/or the mobile device.

[0028] Figure 5 is a flow diagram of one embodiment of a technique for utilizing
Doppler frequency information in a wireless communications network. As mentioned

above, the techniques described herein may be applied to any OFDM communications

environment. In one embodiment, the technique may utilize pilot and data carriers as

10
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defined by existing standards based on OFDM communications. Thus, the technique may
not require changes to existing communications standards.

[0029] An OFDM signal may be received, 510. The signal may be received in any
manner known in the art. In one embodiment, the pilot carriers may be extracted as
illustrated in Figure 2. The extracted pilot carriers may be processed as described above to
generate Doppler frequency information, 520.

[0030] The Doppler frequency information may be used to modify network

parameters, 530. Modification of network parameters may include, for example,

prediction and corresponding compensation of change in channel quality, reduction and/or
prediction of handovers, a reduction or modification of channel quality overhead
transmissions. Doppler frequency information may also be utilized to improve network
layer and MAC layer functionality.

[0031] Figure 6 is a block diagram of one embodiment of a base station. The base
station illustrated in Figure 6 is intended to represent a range of base stations (e.g., for a
macrocell, for a picocell). Alternative base stations may include more, fewer and/or
different components. A mobile wireless device including, for example, for cellular
telephones, wireless data communications, etc., may have the same or a similar architecture.
[0032] Base station 600 may include bus 605 or other communication device to
communicate information, and processor 610 coupled to bus 605 that may process
information. While base station 600 is illustrated with a single processor, base station 600
may include multiple processors and/or co-processors. Base station 600 further may include
random access memory (RAM) or other dynamic storage device 620, coupled to bus 605
and may store information and instructions that may be executed by processor 610. For
example, the process of Figure 5 may be implemented as instructions stored in memory 620

11
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that are executed by processor 610. Memory 620 may also be used to store temporary
variables or other intermediate information during execution of instructions by processor
610.

[0033] Base station 600 may also include read only memory (ROM) and/or other static
storage device 630 coupled to bus 605 that may store static information and instructions for
processor 610. Data storage device 640 may be coupled to bus 605 to store information and
instructions. Data storage device 640 such as a magnetic disk or optical disc and
corresponding drive may be coupled to base station 600.

[0034] Base station 600 further may include network interface(s) 680 to provide access
to a network. Network interface(s) 680 may include, for example, a wireless network
interface having antenna 685, which may represent one or more antenna(e) that may
communicate utilizing OFDM protocols. Network interface(s) 680 may also include, for
example, a wired network interface to communicate with remote devices via network cable
687, which may be, for example, an Ethernet cable, a coaxial cable, a fiber optic cable, a
serial cable, or a parallel cable.

[0035] A computer-readable medium includes any mechanism that provides (e.g.,
memory 620, ROM 630, storage device 640) content (e.g., computer executable
instructions) in a form readable by an electronic device (e.g., a computer, a personal digital
assistant, a cellular telephone). For example, a computer-readable medium includes read
only memory (ROM); random access memory (RAM); magnetic disk storage media; optical
storage media; flash memory devices, etc.

[0036] Reference in the specification to “one embodiment” or “an embodiment”

means that a particular feature, structure, or characteristic described in connection with the
embodiment is included in at least one embodiment of the invention. The appearances of

12



WO 2007/146713 PCT/US2007/070554

the phrase “in one embodiment™ in various places in the specification are not necessarily
all referring to the same embodiment.

[0037] While the invention has been described in terms of several embodiments, those
skilled in the art will recognize that the invention is not limited to the embodiments
described, but can be practiced with modification and alteration within the spirit and scope
of the appended claims. The description is thus to be regarded as illustrative instead of

limiting.

13
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CLAIMS

What 1s claimed is:

1. A method comprising:

receiving a multi-path Orthogonal Frequency Division Multiplexed (OFDM) signal
from a remote mobile wireless device;

extracting multiple pilot carriers from the signal;

performing a frequency domain analysis on the extracted pilot carriers to determine
a Doppler frequency corresponding to the remote mobile wireless device; and

modifying network functionality based, at least in part, on the Doppler frequency.

2. The method of claim 1 wherein modifying network functionality based, at
least in part, on the Doppler frequency comprises initiating a handover based at least in
part on motion determined based, at least in part, on the Doppler frequency and physical

locations of two or more base stations.

3. The method of claim 1 wherein modifying network functionality based, at
least in part, on the Doppler frequency comprises causing transmission characteristics to

be modified.

4. The method of claim 1 wherein performing a frequency domain analysis on

the extracted pilot carriers to determine a Doppler frequency corresponding to the remote

mobile wireless device comprises:

14
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generating a plurality of channel estimates corresponding to the extracted pilot

carriers; and

performing maximum likelihood estimations on the plurality of channel estimates.

5. The method of claim 4 wherein the maximum likelihood estimations utilize
I, 0 0 0 |
Ly L, 0 0
L= 13,1 13 2 13 3
: 0
_IM 1 IM 2 IM 3 IM M _

where entries in matrix L are pre-calculated and stored using a pre-determined set of

values of f,T.

6. The method of claim 5 wherein the values comprise 0 to 0.04 with a step
size of 0.001.

7. An apparatus comprising:

an antenna to receive Orthogonal Frequency Division Multiplexed (OFDM)
wireless signals from a remote device;

control circuitry coupled with the antenna to extract multiple pilot carriers from the
signal, to perform a frequency domain analysis on the extracted pilot carriers to determine
a Doppler frequency corresponding to the remote mobile wireless device, and to modify

network functionality based, at least in part, on the Doppler frequency.

15
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8. The apparatus of claim 7 wherein modification of the network functionality
based, at least in part, on the Doppler frequency comprises initiating a handover based at
least in part on motion determined based, at least in part, on the Doppler frequency and

physical locations of two or more base stations.

9. The apparatus of claim 7 wherein modification of the network functionality
based, at least in part, on the Doppler frequency comprises causing transmission

characteristics to be modified.

10. The apparatus of claim 7 wherein frequency domain analysis on the
extracted pilot carriers to determine a Doppler frequency corresponding to the remote
mobile wireless device comprises:

generating a plurality of channel estimates corresponding to the extracted pilot

carriers; and

performing maximum likelihood estimations on the plurality of channel estimates.

11. The apparatus of claim 10 wherein the maximum likelihood estimations
utilize
I, 0 0 0 |
Ly L, 0 0
L= 13,1 13 2 13 3
: 0
_IM 1 IM 2 IM 3 IM M

where entries in matrix L are pre-calculated and stored using a pre-determined set of

values.

16
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12. The apparatus of claim 11 wherein the values comprise 0 to 0.04 with a

step size of 0.001.

13. An agent to control a base station in a wireless communications network
comprising control logic to operate on a multi-path Orthogonal Frequency Division
Multiplexed (OFDM) signal to extract multiple pilot carriers from the signal, to perform a
frequency domain analysis on the extracted pilot carriers to determine a Doppler
frequency corresponding to the remote mobile wireless device, and to modify network

functionality based, at least in part, on the Doppler frequency.

14. The agent of claim 13 wherein modification of the network functionality
based, at least in part, on the Doppler frequency comprises initiating a handover based at
least in part on motion determined based, at least in part, on the Doppler frequency and

physical locations of two or more base stations.

15. The agent of claim 13 wherein modification of the network functionality
based, at least in part, on the Doppler frequency comprises causing transmission

characteristics to be modified.

16. The agent of claim 13 wherein frequency domain analysis on the extracted

pilot carriers to determine a Doppler frequency corresponding to the remote mobile

wireless device comprises:

17
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generating a plurality of channel estimates corresponding to the extracted pilot

carriers; and

performing maximum likelihood estimations on the plurality of channel estimates.

5 17. The apparatus of claim 16 wherein the maximum likelihood estimations
utilize
I, 0 0 0 |
Ly L, 0 0
L=|[; 13,2 5
: 0
_IM 1 IM 2 IM 3 IM M

where entries in matrix L are pre-calculated and stored using a pre-determined set of

values.
10
18. The apparatus of claim 17 wherein the values comprise 0 to 0.04 with a
step size of 0.001.
19. A computer-readable medium having stored thereon instructions that, when

15  executed, cause one or more processors to:

receive a multi-path Orthogonal Frequency Division Multiplexed (OFDM) signal

from a remote mobile wireless device;
extract multiple pilot carriers from the signal;
perform a frequency domain analysis on the extracted pilot carriers to determine a
20  Doppler frequency corresponding to the remote mobile wireless device; and

modify network functionality based, at least in part, on the Doppler frequency.

18



10

15

20

WO 2007/146713 PCT/US2007/070554

20. The article of claim 19 wherein the instructions that cause the one or more
processors to modify network functionality based, at least in part, on the Doppler
frequency comprises instructions that, when executed, cause the one or more processors to
initiate a handover based at least in part on motion determined based, at least in part, on

the Doppler frequency and physical locations of two or more base stations.

21. The article of claim 19 wherein the instructions that cause the one or more
processors to modify network functionality based, at least in part, on the Doppler
frequency comprise instructions that, when executed, cause the one or more processors to

cause transmission characteristics to be modified.

22. The article of claim 19 wherein the instructions that cause the one or more
processors to perform a frequency domain analysis on the extracted pilot carriers to
determine a Doppler frequency corresponding to the remote mobile wireless device
comprise instructions that, when executed, cause the one or more processors to:

generate a plurality of channel estimates corresponding to the extracted pilot
carriers; and

perform maximum likelihood estimations on the plurality of channel estimates.

23. A system comprising:

a bus;

a network interface coupled with the bus to communicate via a wired network
connection to a remote server device;

19
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an antenna coupled with the bus to receive Orthogonal Frequency Division
Multiplexed (OFDM) wireless signals from a remote device;

processing circuitry coupled with the bus to extract multiple pilot carriers from the
signal, to perform a frequency domain analysis on the extracted pilot carriers to determine
a Doppler frequency corresponding to the remote mobile wireless device, and to modify

network functionality based, at least in part, on the Doppler frequency.

24. The system of claim 23 wherein modification of the network functionality
based, at least in part, on the Doppler frequency comprises initiating a handover based at
least in part on motion determined based, at least in part, on the Doppler frequency and

physical locations of two or more base stations.

25. The system of claim 23 wherein modification of the network functionality
based, at least in part, on the Doppler frequency comprises causing transmission

characteristics to be modified.

26. The system of claim 23 wherein frequency domain analysis on the
extracted pilot carriers to determine a Doppler frequency corresponding to the remote
mobile wireless device comprises:

generating a plurality of channel estimates corresponding to the extracted pilot
carriers; and

performing maximum likelihood estimations on the plurality of channel estimates.
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