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(57) ABSTRACT 

A method and apparatus are provided for access point 

selection in wireless communication systems, such as wire- 

less LANs. A disclosed wireless communication device 

includes a roaming process that selects an access point based 

on a measure of correlation on a channel to one or more 

surrounding access points. The roaming process selects an 

access point, for example, having the lowest correlation 

value. The roaming process may also consider the signal 

quality, channel delay spread or both in selecting an access 

point. 
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METHOD AND APPARATUS FOR ACCESS POINT 
SELECTION USING CHANNEL CORRELATION IN 

A WIRELESS COMMUNICATION SYSTEM 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] The present application claims priority to U. S. 
Provisional Patent Application Ser. No. 60/528, 171, filed 
Dec. 9, 2003, incorporated by reference herein. 

FIELD OF THE INVENTION 

[0002] The present invention relates generally to wireless 
communication systems, such as wireless local area net- 
works (LANs), and more particularly, to data rate control 
techniques in such wireless communication systems. 

BACKGROUND OF THE INVENTION 

[0003] In a typical wireless network environment, such as 
a wireless local area network (LAN), a number of wireless 
stations communicate over one or more wireless channels. 
An access point typically provides control and management 
functions. The access point acts as a central node through 
which all tralfic is relayed. Many wireless networks are 
implemented in accordance with the IEEE 802. 11 standard 
or the various extensions to the 802. 11 standard, such as 
802. 11a, b and g, or the HIPERLAN/2 standard. The IEEE 
802. 11 protocol specifies that all communications are 
relayed via the access point, so each transmission that is of 
interest (other access points may be active on the same radio 
channel) is from the access point the station is associated 
with. 

[0004] Typically, every station, including those that are 
already associated with an access point, scans the surround- 
ings from time to time in order to find the number of 
surrounding access points and the quality of the radio link to 
those access points. The station uses this information to 
select the access point with the best quality link. If the 
station is not already connected to the access point with the 
best link, the station tries to associate with the new access 
point. In existing systems, the quality of the link is currently 
based only on the SNR value of the link. A need exists for 
an improved method and apparatus for selecting an access 
point in wireless communication systems, such as wireless 
LANs. 

SUMMARY OF THE INVENTION 

[0005] Generally, a method and apparatus are provided for 
access point selection in wireless communication systems, 
such as wireless LANs. A wireless communication device 
according to the present invention includes a roaming pro- 
cess that selects an access point based on a measure of 
correlation on a channel to one or more surrounding access 
points. In one implementation, the roaming process selects 
an access point having the lowest correlation value. The 
roaming process may also consider the signal quality, chan- 
nel delay spread or both in selecting an access point. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0007] FIG. 1 illustrates a wireless network environment 
in which the present invention can operate; 

[0008] FIG. 2 is a schematic block diagram of an exem- 

plary station of FIG. 1 incorporating features of the present 
invention; 

[0009] FIG. 3 illustrates a network environment for a 
wireless LAN system; 

[0010] FIG. 4 is a schematic block diagram of an exem- 
plary transmitter/receiver station incorporating features of 
the present invention; 

[0011] FIG. 5 illustrates the influence of signal-to-noise 
ratio (SNR) and channel correlation on the performance of 
a MIMO based OFDM wireless device; 

[0012] FIG. 6 illustrates bit error rate performance as 
function of SNR for an exemplary two transmitter and two 
receiver (2x2) configuration with a correlation, p, equal to 0; 

[0013] FIG. 7 is a flow chart describing an exemplary 
roaming process of FIG. 4 incorporating features of the 
present invention; 

[0014] FIG. 8 illustrates a frame format employed by the 
roaming process of FIG. 7 to transmit probe requests; and 

[0015] FIG. 9 illustrates a frame format employed by the 
access points to transmit probe responses. 

DETAILED DESCRIPTION 

[0016] FIG. 1 illustrates a wireless network environment 
100 in which the present invention can operate. The wireless 
network environment 100 may be, for example, a wireless 
LAN or a portion thereof. As shown in FIG. 1, a number of 
stations 200-1 through 200-N, collectively referred to as 
stations 200 and discussed below in conjunction with FIG. 
2, communicate over one or more wireless channels in the 
wireless digital communication system 100. An access point 
120 is typically connected to a wired distribution network 
105 with other access points (not shown). The access point 
120 typically provides control and management functions, in 
a known manner. In addition, the access point 120 acts as a 
central node through which all tralfic is relayed so that the 
stations 200 can rely on the fact that transmissions will 
originate from the access point 120. The wireless network 
environment 100 may be implemented, for example, in 
accordance with the IEEE 802. 11 standard or the various 
extensions to the 802. 11 standard, such as 802. 11a, b and g, 
or the HIPERLAN/2 standard. 

[0017] The IEEE 802. 11 protocol specifies that all com- 
munications are relayed via the access point 120, so each 
transmission that is of interest (other access points 120 may 
be active on the same radio channel) is from the access point 
120 the stations 200 is associated with. An example of such 
a communications protocol is the Enhanced Service Set 
(ESS) mode of the IEEE 802. 11 protocol, in which stations 
200 are associated with an access point 120 that relays all 
communication. 

[0006] A more complete understanding of the present 
invention, as well as further features and advantages of the 
present invention, will be obtained by reference to the 
following detailed description and drawings. 

[0018] The access point 120 and wireless stations 200 
exchange frames containing information on the transmit 
power level limits. At the access point 120, the country 
information is available once the network administrator has 
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configured the access point 120 for country selection. A 
station 200 receives the information from its access point 
120. The frame format for exchanging transmit power level 
limits is described, for example, in IEEE, "Supplement to 
Standard for Telecommunications and Information 
Exchange Between Systems — LAN/MAN Specific Require- 
ments — Part 11: Wireless MAC and PHY Specifications: 
Spectrum and Transmit Power Management Extensions in 
the 5 GHz band in Europe, " P802. 11h/D2. 0 (March 2002). 

[0019] FIG. 2 illustrates an exemplary conventional 
MIMO environment in which the present invention can 
operate. As shown in FIG. 2, an exemplary conventional 
MIMO system 200 comprises source signals S, to S~„ 
transmitters TX, to TX~, transmit antennas 210-1 through 
210-N„receive antennas 215-1 through 215-N„and receiv- 
ers RX, to RX~. The MIMO system 200 transmits separate 
data streams on the multiple transmit antennas 210, and each 
receiver RX receives a combination of these data streams. 

[0020] As used herein, the term "MIMO" shall mean a 
system in which there are multiple transmission layers, i. e. , 
several distinguishable streams are transmitted from dilfer- 
ent antennas into the same frequency channel. It is noted that 
there could be one or more receive antennas in various 
configurations to receive such a MIMO transmission. In 
typical implementations for rate enhancement, there will be 
as many receive antennas as transmit antennas, or more 
receive antennas than transmit antennas. 

[0021] The performance of MIMO systems relies on the 
provided scattering in the wireless channel. When this 
scattering is poor and the correlation (i. e. , spatial channel 
correlation) between the various channel elements exceeds a 
predefined threshold, the system is not able to increase the 
data rate using the multiple antennas. The scattering depends 
on the surrounding environment of both the transmitter and 
the receiver (or access point (AP) and station (STA)). 

[0022] FIG. 3 illustrates a network environment for a 
wireless LAN system 300. As shown in FIG. 3, in a wireless 
network environment, a station (STA) will generally be able 
to connect to one or more Access Points (APs). The number 
of available access points will only increase as network 
deployment becomes more dense in the future. While the 
channel elements (H) between one access point and one 
station might be highly correlated, the channel elements 
between that same station and another access point might 
show better correlation properties. When the station can 
select a connection with the second access point, the pos- 
sibility of a successful (high rate) transmission will be 
higher. For example, as shown in FIG. 3, the station 310 can 
have a connection with access points AP1, AP2 or AP3. 

[0023] According to one aspect of the invention, a roam- 

ing process 700, discussed below in conjunction with FIG. 
7, selects an access point for a given station using correlation 
information. 

Correlation Principles 

[0024] As previously indicated, the roaming process 700 
selects an access point based on the correlation between the 
station and an access point. One measure for the correlation 
is the set of eigenvalues corresponding to the MIMO chan- 
nel, which can be estimated from the channel response. In 
addition, the performance of a MIMO link also relies heavily 

on the signal-to-noise-ratio (SNR) or channel delay spread. 
The SNR can be estimated from the preamble of the packet 
or from previously received packets. This estimation of the 
MIMO channel is in all cases necessary to do successful 
recovery of transmitted data. Another measure for the qual- 
ity of a link is the percentage of packets that are transmitted 
and received by their destinations with or without errors, 
which can, for example, be determined from the number of 
missed or received acknowledgements, respectively. The 
present invention allows a roaming station to select a new 
access point using correlation information. 

[0025] FIG. 4 is a schematic block diagram of an exem- 
plary transmitter/receiver station 400 incorporating features 
of the present invention. The stations 400 may each be 
embodied, for example, as personal computer devices, or 
any device having a wireless communication capability, 
such as a cellular telephone, personal digital assistant or 
pager, as modified herein to provide the features and func- 
tions of the present invention. 

[0026] As shown in FIG. 4, an exemplary station 400 
includes a roaming process 700, discussed further below in 
conjunction with FIG. 7. In addition, a transmitter/receiver 
400 includes a Medium Access Controller (MAC) 405 that 
controls the transmission of data. In the exemplary embodi- 
ment, the MAC 405 includes the roaming process 700. In an 

alternate implementation, the roaming process 700 can be 
implemented by a separate device that interacts with the 
MAC 405. Generally, the roaming process 700 selects an 
access point to be used by the station 400. The baseband 
processor 420 provides the signal to the RF circuitry 430, 
which in turn, provides the signal to one or more antennas 
440-1 through 440-N, in a known manner. 

[0027] FIG. 5 illustrates the influence of the SNR and 
channel correlation on the performance of a MIMO based 
OFDM wireless device. FIG. 5 illustrates the bit-error-rate 

(BER) performance 500 of a two transmitter and two 
receiver (2x2) extension of an IEEE 802. 11a system. The 
exemplary system uses 64 QAM modulation, a coding rate 
of 0. 75, yielding a data rate of 108 (2x54) Mbps. The 
correlation in the MIMO channel is modeled as described in 
A. van Zelst and J. S. Hammerschmidt, "A Single Coelfi- 
cient Spatial Correlation Model for Multiple-Input Multiple- 
Output (MIMO) Radio Channels, " Proc. URSI XXVH Gen- 
eral Assembly, 17-24 Aug. 2002, 1-4 (2002). 

[0028] Here, p is the parameter modeling the correlation, 
varying from 0 to 1. In particular, p equal to 0 corresponds 
to fully uncorrelated while p equal to 1 corresponds to fully 
correlated. A Rayleigh faded exponentional decaying power- 
delay-profile is applied. Generally, as shown in FIG. 5, the 
performance increases (i. e. , the BER decreases) when the 
SNR increases and the performance decreases when the 
correlation factor increases. 

[0029] FIG. 6 illustrates the BER performance 600 as 
function of the SNR for a two transmitter and two receiver 
(2x2) configuration with a correlation, p, equal to 0. The 
dilferent data rates 610-1 through 610-6 correspond to rates 
of 12, 24, 48, 72, 108 Mbps, respectively. The dilferent rates 
610-1 through 610-6 are achieved by varying the coding rate 
and modulation (as also done in 802. 11a/g). As shown in 
FIG. 6, the BER performance is a function of the SNR and 
data rate. If the receiver is operating at a certain SNR, the 
data rate can be chosen which achieves the required BER 
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performance. FIG. 6 demonstrates the influence of the 
modulation and coding rate on the BER performance and 
SNR requirements. 

Illustrative Performance Parameter Estimation 

[0030] Signal-to-Noise-Ratio (SNR) 

[0031] The SNR of the wireless channels with the other 
terminals can be estimated by using the preamble of 
received packets. This can be done using the Long Training 
(LT) symbols in the preamble of any received packet. The 
long training symbols, for example, as proposed in IEEE Std 
802. 11a, High-speed Physical Layer in the 5 GHz Band 
(1999), are a repetition of a symbol and a cyclic prefix. After 
synchronization, the only dilference between the two ver- 
sions of the training symbols is the noise. Thus, subtracting 
the two symbols gives an estimate of the noise. 

[0032] Another, more accurate way, to measure the SNR is 
using the detected data in the packet(s). From constellation 
points estimates, using, for example, a Least Squares esti- 
mation, the detected constellation points after slicing are 
subtracted. The result is the error in the estimation, of which 
the statistics relate to the ratio between the signal and noise 
level. Another technique for measuring the SNR is to 
measure the received energy level during packet reception 
(signal level) and during idle periods on the channel (noise 
level). A number for the SNR is achieved by subtracting the 
two values. 

[0033] These parameters or a running average over several 
packets can be stored in a table, to be used in the enhanced 
roaming and connection control algorithms, as discussed 
further below. 

[0034] Channel Correlation 

[0035] The channel correlation, or MIMO correlation, can 
be estimated from the MIMO channel matrix H. Estimates 
of the channel are in all cases necessary for systems using 
coherent detection. There are several proposed measures for 
this correlation, such as elfective degrees of freedom 
(EDOF) and elfective dimensions (ED). These measures are 
all used to determine how many independent streams of data 
can be transmitted over the channel. 

[0036] The present invention proposes to calculate the 
eigenvalues (EVs) or Singular Values (SV) of the channel 
matrix. This can be calculated using a singular value decom- 
position (SVD). In a fully uncorrelated MIMO channel, 
these EVs all will have the same value and will be high. In 
a correlated channel, some EVs will be lower. A good 
measure for the correlation is thus the maximum value of 
EVs and the ratio between them. 

[0037] Balance Between the Number of Received and 
Missed ACKs 

[0038] The balance between the number of received and 
missed ACKs can also be calculated. This measure stores the 
number of received and missed acknowledgements. The 
number of packets that are used to compute this statistic can 
be based on all ACKs related to packets transmitted at a 

given data rate, or the last X packets at a given data rate. 

Roaming Process Based on Channel Correlation 

[0039] In current non-MIMO systems, every station, 
including those that are associated to an access point, scans 

the surroundings from time to time in order to find the 
number of surrounding access points and the quality of the 
radio link to those access points. The station uses this 
information to select the access point with the best quality 
link, in a known manner. Then, if the station is not already 
connected to the access point with the best link, the station 
tries to associate with the new access point. In existing 
systems, the quality of the link is currently based only on the 
SNR value of the link. 

[0040] The present invention recognizes that for MIMO 
systems, the roaming and connection control algorithms can 
be improved, so that they not only use the SNR but also the 
channel correlation of the links to select the access point 
with the best link. In other words, the station tries to 
associate with the access point with the best combination of 
SNR and channel correlation. As discussed below in con- 
junction with FIG. 7, the active scanning protocol is 
enhanced to determine the correlation of the link to other 
access points than the access point a station is currently 
associated with. 

[0041] FIG. 7 is a flow chart describing an exemplary 
implementation of a roaming process 700 incorporating 
features of the present invention. The roaming process 700 
of FIG. 7 may run continuously or may be triggered by one 
or more events, such as a lost connection, a poor SNR to the 
current access point or a high correlation to the current 
access point. Once the roaming process 700 is initiated, a 
scan is performed during step 710 in one or more frequency 
channels, as discussed further below in conjunction with 
FIG. 8. During the scanning process, the station collects 
information about the various access points that it detects. 
Thereafter, a scan result table (SRT) is created during step 
720 to store the information obtained during the scan. The 
scan result table may contain, for example, for each access 
point, the operating channel, BSSID, AP capabilities, SNR 
value and network load in the cell. According to one aspect 
of the invention, the station also stores the value of the 
correlation factor in an additional column in the scan result 
table. The station should also store the number of antennas 
the AP supports. 

[0042] The roaming process will then select an access 
point from the scan result table during step 730 that allows 
the best possible performance. The selection criteria may be 
based, for example, on the experienced SNR, the network 
load of the various APs and certain capabilities of the AP 
(e. g. , whether legacy stations are allowed to associate). The 
present invention adds the correlation factor and the maxi- 
mum number of antennas to the selection process. As such, 
the station will try to connect to the AP with the highest 
possibility of good-quality MIMO communication. 

[0043] A test is performed during step 740 to determine if 
the station is already connected to the optimal access point. 
If the station is not already connected to the optional access 
point, the roaming process 700 will hand over the station to 
the optimal access point during step 760. If it is already 
connected to the optimal AP, the roaming process (or the 
current iteration of the process) is terminated during step 
750. 

[0044] FIG. 8 illustrates an exemplary frame format 800 
employed by the roaming process 700 to transmit probe 
requests to the access points. Since MIMO stations and 
access points will work in an environment that also contains 
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legacy stations (for example, based on either IEEE 802. 11a 
or IEEE 802. 11g), it is important that the access point and 
station (in BSS mode) communicate whether they are 
MIMO enabled. In an exemplary IEEE 802. 11 implemen- 
tation, the short training (ST) symbol contains 160 samples 
and is repeated ten times; the long training (LT) symbol 
contains 160 samples and is repeated 2. 5 times; and the 
signal field (SIG) contains 80 samples. In current networks, 
access points and stations already communicate the sup- 
ported data rates during the active scanning process. The 
present invention proposes to extend this part of the MAC 
protocol so that it enables MIMO-capable terminals to 
estimate a measure for spatial channel correlation. 

[0045] In current systems, the station periodically broad- 
casts a probe request frame 800 on a specific channel, as 
shown in FIG. 8. In this probe request, the station reports the 
Service Set IDentifier (SSID, the network identifier) it wants 
to connect to and the set of supported data rates, i. e. , the rates 
at which the station can transmit and receive. Subsequently, 
access points that receive the request and that serve the 
specified SSID, reply with a probe response (shown in FIG. 
9) in which the access point reports the supported data rates. 

[0046] In the proposed MIMO network, the probing 
mechanism needs to be enhanced. The probe request frame 
810 should include a field that identifies the MIMO modes 
that the station supports, e. g. , the number of transmit and 
receive antennas with an independent receive path. The 
frame can either be sent on a MIMO data rate with high 
range (robustness) or on a legacy non-MIMO data rate. The 
prior option may have an improved range-performance 
compared to the legacy rate, but the latter has the benefit that 
legacy APs will respond as well. It is noted that the MIMO 
mode and/or data rate should be mandatory for the appli- 
cable standard, to assure that all APs that support the 
standard can receive and decode the frame. 

[0047] FIG. 9 illustrates an exemplary frame format 900 
employed by the access points to transmit probe responses. 
The probe response frames are directed at the transmitter of 
the request frame. The first part of the preamble consists of 
the 802. 11a/g preamble, which enables legacy terminals to 
back olf for the length of the transmission. Thereafter, an 
extra signal field and the maximum number of training 
symbols (corresponding to the maximum number of trans- 
mitter antennas of the access point) is transmitted, followed 
by the information about the access point, e. g. , fields of the 
response frame, transmitted in either a legacy or MIMO 
mode that is optimized for range and not for throughput. In 
either case, the access point should send training symbols on 
all of its antennas, so that the receiver can calculate the 
correlation. 

[0048] It is to be understood that the embodiments and 
variations shown and described herein are merely illustrative 
of the principles of this invention and that various modifi- 
cations may be implemented by those skilled in the art 
without departing from the scope and spirit of the invention. 

We claim: 
1. A wireless communication device, comprising: 

a roaming process that selects an access point based on a 
measure of correlation on a channel to one or more 
surrounding access points. 

2. The wireless communication device of claim 1, 
wherein said roaming process further selects said access 
point based on current link information. 

3. The wireless communication device of claim 2, 
wherein said current link information includes one or more 
of a signal to noise ratio, channel delay spread and a balance 
of missed and received acknowledgement messages. 

4. The wireless communication device of claim 1, 
wherein said roaming process selects an access point having 
a lowest correlation value. 

5. The wireless communication device of claim 1, 
wherein said roaming process is initiated based on a high 
correlation to a current access point. 

6. The wireless communication device of claim 1, 
wherein said device is implemented in accordance with the 
IEEE 802. 11 Standard. 

7. The wireless communication device of claim 1, 
wherein said device is implemented in accordance with the 
HIPERLAN/2 Standard. 

8. The wireless communication device of claim 1, further 
comprising a table that stores an operating channel, identi- 
fier and capabilities for each access point. 

9. The wireless communication device of claim 1, further 
comprising a table that stores a correlation factor for each 
access point. 

10. The wireless communication device of claim 1, 
wherein said channel correlation is measured using eigen- 
values of a channel matrix. 

11. The wireless communication device of claim 1, 
wherein said channel correlation is measured using singular 
values of a channel matrix. 

12. A method for selecting an access point in a wireless 
communication network, comprising the steps of: 

identifying one or more surrounding access points; 

evaluating a channel to each of said one or more sur- 

rounding access points; and 

selecting an access point based on a measure of correla- 
tion on each of said channels to each of said one or 
more surrounding access points. 

13. The method of claim 12, wherein said selecting step 
further selects said access point based on current link 
information. 

14. The method of claim 13, wherein said current link 
information includes one or more of a signal to noise ratio, 
channel delay spread and a balance of missed and received 
acknowledgement messages. 

15. The method of claim 12, wherein said selecting step 
selects an access point having a lowest correlation value. 

16. The method of claim 12, wherein said selecting step 
is initiated based on a high correlation to a current access 
point. 

17. The method of claim 12, further comprising the step 
of accessing a table that stores an operating channel, iden- 
tifier and capabilities for each access point. 

18. The method of claim 12, further comprising the step 
of accessing a table that stores a correlation factor for each 
access point. 

19. The method of claim 12, wherein said channel cor- 
relation is measured using eigenvalues of a channel matrix. 
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20. The method of claim 12, wherein said channel cor- 
relation is measured using singular values of a channel 
matrix. 

21. A wireless communication device, comprising: 

means for selecting an access point based on a measure of 
correlation on a channel to one or more surrounding 
access points. 

22. The wireless communication device of claim 21, 
further comprising means for selecting an access point based 
on current link information. 

23. The wireless communication device of claim 22, 
wherein said current link information includes one or more 
of a signal to noise ratio, channel delay spread and a balance 
of missed and received acknowledgement messages. 

24. The wireless communication device of claim 1, fur- 
ther comprising means for selecting an access point having 
a lowest correlation value. 

25. A method for collecting information about one or 
more surrounding access points in a wireless communication 
network, comprising the steps of: 

transmitting a probe request, said probe request having a 
preamble having a legacy portion and an indication of 
a MIMO mode; and 

receiving a probe response from one or more of said 
surrounding access points, each of said probe responses 
containing information about a corresponding access 
point. 

26. The method of claim 25, whereby a lower order 
receiver can interpret said legacy portion. 

27. The method of claim 25, wherein said MIMO mode 
identifies the MIMO modes that a station supports. 

28. The method of claim 25, whereby a lower order 
receiver can interpret at least a portion of said probe 
response. 

29. The method of claim 25, wherein said received probe 
response includes a training symbol for each transmitter 
antenna of said corresponding access point. 
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