
Cellular standards like the third generation partnership program (3GPP) long term

evolution (LTE), ultra-mobile broadband (UMB), high speed downlink packet access

(HSDPA) and IEEE 802.16e (WiMAX) support multiple-input multiple-output (MIMO)

wireless communication technology. MIMO uses multiple antennas at the transmitter

and receiver along with advanced digital signal processing to improve link quality and

capacity. Existing base stations use antenna arrays to provide transmit and receive diver-

sity; it is not clear if shifting to MIMO will require a change in the base station antenna

designs. In this article, we describe some features of an effective MIMO base station

antenna. We evaluate the performance of two popular existing base station antenna

designs - a vertically polarized planar array and a pair of two dual polarized base station

antennas to determine if they will work well as MIMO base station antennas. We show

that the dual pol array is more effective as a MIMO base station antenna. We optimize

the array with two dual pols for space, cross-pol pattern isolation and port-to-port isola-

tion to obtain the best tradeoff of data rate versus design specifications.

The number of cellular service users in the world has increased by more than 500 per-

cent in the past decade [1]. Consumers are now demanding higher data rates to support

applications like Internet access, video and gaming. Current cellular technologies like the

global system for mobile communications (GSM) based general packet radio service

(GPRS), enhanced data GSM environment (EDGE) and code division multiple access

(CDMA) based CDMA2000 1x and CDMA2000 1xEV (evolution), which consists of

CDMA2000 1xEV-DO (data only) and 1xEV-DV (data voice) can only partially meet

the high data rate demand. Data rates of up to 100 Mbps are possible using multiple-

input multiple-output (MIMO) wireless communication technology, now a part of cellu-

lar standards like the IEEE 802.16 (WiMAX) [2], high speed packet access (HSPA)

release 7 [3], and the third generation partnership project (3GPP) long term evolution

(LTE) [4]. Cellular service providers need to make the shift to MIMO to be compliant

with the latest standards and to cater to the growing demands for high data rates.

Current cellular standards use multiple antennas at the base station to provide diver-

sity gain. In contrast, MIMO wireless technology makes use of multiple antennas at

both the transmitter (base station) and receiver (mobile terminals) in combination with

specially designed algorithms to provide both capacity and diversity gains using the

same bandwidth and power as single antenna systems [5]. While it is evident that shift-

ing to MIMO will require two or more antennas at the receiver side, it is not clear if

this transition will require a change in the existing antenna designs at the base station.

In this article, we evaluate the performance of two popular base station antenna

designs - a vertically polarized planar array used for adaptive beamforming, and a pair

of two dual polarized base station antennas to determine the effectiveness of these

designs for MIMO base stations.

First, we provide a brief background on MIMO communication technology and

MIMO antenna design. We list characteristics of ‘good’ MIMO antenna designs, and

then compare the performance of the two base station antenna designs mentioned,

using a dual-pol array at the receiver side. At the base station, the dual pol array is

found to perform better for MIMO transmission strategies than the planar array of ver-

tically polarized elements. We also describe an optimization procedure to determine

the values of antenna parameters like inter-element spacing, cross-pol isolation and

port-to-port isolation beyond which the performance of the antenna design for MIMO

transmission strategies will not be significantly improved. As antenna designer’s time

and effort is spent trying to meet design specifications for antenna parameters like

cross-pol and port-to-port isolation, it is important to know the optimum values of

these parameters that might be far lower than the design specifications.

BBaacckkggrroouunndd
MIMO Wireless Technology
In a MIMO system, the use of multiple antennas at the transmitter and receiver

introduces spatial degrees of freedom that can increase the capacity and lower bit error

rates. It has been shown that the capacity of a MIMO system increases linearly with

the minimum number of antennas at the transmit and receive sides, in a scattering-rich

environment, as shown in Fig. 1 for a single-user scenario (point to point communica-

tion link). Most practical environments, however, always display some degree of spa-

tial correlation that degrades the capacity gains obtained using MIMO [6].

MIMO transmission strategies can be broadly classified into diversity and spatial

multiplexing. While diversity aims to lower the probability of error and thereby

improve the reliability of the communication link, spatial multiplexing is used to

increase the achievable data rates. 

1) Diversity: Error probability is reduced by sending multiple copies of the signal

over each of the transmit antennas. These signals are coherently combined at the

receiver to obtain a stronger signal.

This is illustrated in Fig. 2, where two separately coded versions of the same signal

are transmitted over each of the two transmit antennas.

2) Spatial multiplexing: Independent data streams are sent over each of the transmit

antennas to increase the data rate of the system. Multiple antennas are used to receive

these signals that are then decoded using digital signal processing techniques. This is

illustrated in Fig. 3.

MIMO transmission strategies can also be classified as open-loop and closed-loop.

In open-loop strategies, the transmitter does not have any knowledge of the channel

and transmission follows a deterministic pattern that is independent of the channel.

Open-loop transmission strategies include spatial multiplexing and diversity schemes

like space time block codes, cyclic delay diversity etc. Closedloop schemes require

knowledge of the channel at the transmitter to adapt the transmitted signal to the chan-

nel. Precoding is a popular closed-loop MIMO transmission strategy. In this article, we

analyze the performance of the MIMO base station antenna designs using a closed-

loop technique known as Grassmannian precoding that is adopted in the IEEE 802.16e

standard [7]. More details about this method of precoding can be found in [8].

Impact of Antenna Design on MIMO System Performance
Currently, base stations use multiple antennas for reasons of diversity. The diversity

gain obtained increases as the spatial correlation between signals reduces. In MIMO,

the relationship between spatial correlation and performance is more complex [9]. For

example, at the edge of the cell where signal strength is low, it is preferable to use

diversity-based single stream transmission strategies that require one of the spatial

channels to be significantly stronger than the others. This is possible when the spatial

correlation between signals received at the antenna elements is high. In contrast, when

the signal strength is high (near the base station), it is beneficial to use spatial multi-

plexing strategies to increase the capacity. In this situation, spatial correlation among

received signals lowers the capacity gains obtained. Thus, spatial correlation has differ-

ent implications in diversity-based and MIMO systems. This is the primary reason for

the difference in the design principles for diversity-based and MIMO antenna arrays.

Spatial correlation might arise due to the antenna arrays employed at the transmitter

and receiver (small inter-element spacing, mutual coupling etc.) or due to the channel

characteristics [10]. If the wireless propagation environment has sufficient multipath,

the channel spatial correlation is generally low. In contrast, when the channel does not

have rich multipath or when a strong line of sight exists between the transmitter and

receiver, the channel spatial correlation is considerably higher. The impact of high

channel spatial correlation can be lowered using effective MIMO antenna design tech-

niques. For example, by using antenna arrays where the elements have orthogonal

polarizations or patterns, the spatial correlation of the signals received at the antenna

array can be significantly reduced, even when the channel spatial correlation is high.
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Performance Evaluation of MIMO Base Station Antenna Designs

Fig. 1. Increase in the capacity of a MIMO system with the number of
antennas at the transmit and receive sides, for a scattering-rich

environment (for 5 MHz bandwidth). It is seen that the increase is
almost linear with the number of antennas.

Fig. 2. Illustration of diversity-based transmission for a 2 by 2 MIMO system.

Fig. 3. Illustration of spatial multiplexing for a 2 by 2 MIMO system.

By Ramya Bhagavatula, Robert Heath Jr. and Kevin Linehan



AANNTTEENNNNAA  SSYYSSTTEEMMSS  &&  TTEECCHHNNOOLLOOGGYY  ••  NNOOVVEEMMBBEERR  //  DDEECCEEMMBBEERR  22000088  ••  WWWWWW..AANNTTEENNNNAASSOONNLLIINNEE..CCOOMM

FFeeaattuurree  AArrttiiccllee:: MIMO Base Station Antenna Designs 1155

By spacing antenna elements far apart, or by using elements that have orthogonal radi-

ation patterns or polarizations, it can be ensured that signals received at these antenna

elements have undergone independent scattering in the propagation environment and

hence, have low correlation. Effective antenna designs can be used to improve MIMO

performance by utilizing the following three antenna diversity effects:

1) Spatial diversity - spacing antenna elements far apart

2) Pattern diversity - using antenna elements with orthogonal radiation patterns 

3) Polarization diversity - using antenna elements with different (orthogonal)              

polarizations, example, the HV polarized array, dual pol array etc.

Research has shown that antenna array configurations at the transmitter and

receiver significantly affect the performance of a MIMO system [11]. This is illus-

trated in Fig. 4, where we compare the capacities obtained using four different

antenna array configurations consisting of four antenna elements each, with omni-

directional radiation patterns. We consider two uniform linear arrays (ULA) with

inter-element spacings of half-wavelength and two wavelengths and two uniform

circular arrays (UCA) with radii of half-wavelength and two wavelengths, as

shown in Fig. 4(a). We assume that the same antenna array configuration is used at

both the transmitter and receiver. For simulation purposes, we assume that the

received arrays are centered about the endfire direction with a standard deviation

of 20. The difference in performance due to antenna design is clearly visible from

Fig. 4(b). Note that the performance of the antenna arrays used in a MIMO system

varies as a function of the propagation environment.

MIMO Base Station Antenna Design
Scattering effects might cause a transmitted signal to suffer a (small) change in

its polarization. As MIMO takes advantage of multipath, the antenna design at the

MIMO front end must be capable of handling these changes in polarization.

Further, mobile terminals might be held or placed at different orientations. MIMO

antenna designs at the base station must be able

to effectively tolerate random orientation effects

and still provide good data rates at the receiver.

The prohibitive costs of leasing tower space

require that base station antennas do not occupy

too much space. Further, knowledge of the opti-

mum values of parameters like cross-pol and

port-to-port isolation will enable antenna

designers to reduce the time and effort needed to

meet (possibly) unnecessarily high specifica-

tions of these parameters.

To summarize, the requirements of an effective

MIMO base station antenna design are that it should 

• exploit the additional spatial dimension by 

incorporating combinations of the three 

antenna diversity effects in the design

• have a structure such that it can cope with random 

orientation effects at the receive side 

• be able to cope with slight changes in the 

polarizations of the received signals (in the 

uplink case) 

• offer a fair balance between tower space        

occupied and performance obtained (due to the 

high costs associated with leasing tower 

space) 

• present a tradeoff between design 

specifications and performance obtained            

(especially for parameters like cross-pol           

isolation and port-to-port isolation).

AAnnaallyyssiiss  ooff  BBaassee  SSttaattiioonn  AAnntteennnnaa  DDeessiiggnnss  ffoorr  MMIIMMOO  aanndd      
SSiimmuullaattiioonn  SSeettuupp
In this section, we compare the performance of the following two popular base sta-

tion antenna designs:

1) An array of two dual pols (shown in Fig. 5(a))

2) An array of four vertically polarized elements (shown in Fig. 5(b)), used            

commonly for adaptive beamforming at the base station.

Note that the array in Fig. 5(a) is based on polarization and spatial diversities,

whereas the one in Fig. 5(b) is based on spatial diversity alone. In this article, we show

that the two dual pol array is more effective as a MIMO base station antenna design.

For simulation purposes, we assume that the base station is used in a three-sector

urban micro-cell defined by the 3GPP spatial channel model (SCM), valid for band-

widths up to 5 MHz [4]. The signal power at the base station is fixed at 45 dBm. The

co-pol and cross-pol patterns for each of the antenna elements considered are illustrat-

ed in Fig. 6, for a cross-pol isolation of 20 dB. The heights of the base station (mounted 

Fig. 4. Variation in the capacities of a MIMO system with varying antenna array
configurations shown in the (a).

Fig. 5. The horizontal component of antenna arrays analyzed - (a) array with
two dual pol sub-arrays, and (b) array with four vertically polarized half-wave-

length dipoles. Note that each array has four independent ports.

Fig. 6. The radiation gain patterns of 65° half-beamwidth antenna elements used in
the antenna arrays in Fig. 5, for a 120° wide cell sector.
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on roof tops) and mobile station are assumed to be 12:5 m and 1:5 m, respectively. It is

assumed that the mobile terminals are equipped with a single dual pol antenna, i.e. we

use a 2 by 4 MIMO system. We assume that the communication links simulated within

the single sector are free of inter-user interference. Users are assumed to be located

randomly throughout the sector. The data rate of each of the users is evaluated using

the 3GPP SCM for the closed-loop MIMO transmission strategy described in this sec-

tion. The average data rate throughout the sector is then evaluated as the mean of indi-

vidual user data rates. Note that the 3GPP SCM takes into account random orientations

of the mobile terminal.

We use a closed-loop MIMO transmission strategy known as Grassmannian precod-

ing [8] that is a part of the WiMAX standard [7]. In this technique, the receiver feeds

back information about a precoding matrix to the transmitter. The precoding matrix is

determined using the estimated channel at the receiver, based on a given criterion like

minimum mean squared error, maximum capacity, etc. The set of all possible precod-

ing matrices is known to both the transmitter and receiver. The transmitter then trans-

mits a ‘precoded’ signal formed by multiplying the original signal with the precoding

matrix. In our simulations, we consider a Grassmannian precoding with four bit feed-

back, where the criteria is to maximize the data rate. Since the number of receive

antennas is fixed at two, we consider fixed two-stream transmission, i.e. the precod-

ing matrix is of size Nt Ns, where Ns = Nr = 2.

The simulation methodology is summarized as follows.

Note that the average data rate is in terms of the spectral efficiency, defined as the

amount of information (in bits per second or bps) that can be transmitted over a unit

bandwidth in a specific communication system. For example, if a system uses 100

kHz of bandwidth to transmit 150 kbps of information, the spectral efficiency of the

system is 1:5bps=Hz. The spectral efficiency of a system is used to measure the effi-

ciency of spectrum utilization. A similar simulation methodology is used in [13] to

evaluate the capacity (in terms of spectral efficiency) of a single-user for the 3GPP

SCM including mutual coupling effects.

RReessuullttss
The methodology described in Section III is first used to compare the performance

of the two base station antenna designs in Fig. 5 for the Grassmannian precoding

strategy. We explain the reason why the array design in Fig. 5(a) outperforms the

one in Fig. 5(b) both, in terms of the data rate obtained and space requirements. We

also optimize the two dual pol array for cross-pol isolation and port-to-port isola-

tion. Note that existing base station antenna designs employing diversity-based array

configurations typically have an inter-element spacing d = 10λ, cross-pol isolation of

20 dB and port-to-port isolation of 30 dB. For the planar array configuration in Fig.

5(b), this translates to a total space of 3 x 10λ = 30λ.

For d = 10λ, using the methodology described in Section III, we obtain the average

spectral efficiency in the micro-cell for the array with two dual pols to be

6:32bps=Hz, as compared to 6:14bps=Hz obtained using the planar array with four

vertically polarized elements. It is evident from these data rates that both the antenna

array configurations in Figs. 5(a) and (b) can be used for MIMO, but the dual pol

array yields better performance. Note that the data rates are for a unit bandwidth (Hz).

For a bandwidth of say, 1 MHz, the difference in the performance of the two antenna

designs is about 180 kbps.

Optimizing the Two Dual Pol Configuration for Inter-Element Spacing, d
Inter-element spacing in an array configuration can be optimized using the method-

ology given in the previous section. The results are presented in Fig. 7 for the two

configurations in Figs. 5(a) and (b).

From Fig. 7, it is seen that the two dual pol array configuration not only has better

performance for any inter-element distance, but also occupies less space than the pla-

nar array. The two dual pol array reaches within 1percent of its final performance at a

distance of d ≈ 2λ. The currently available standard quad ports that comprise of two

dual pol arrays enclosed in a single radome and separated by an inter-element dis-

tance of approximately 1λ will yield a spectral efficiency of 6bps=Hz that is within 5

percent of the value at d = 10λ. Hence, it will offer a good compromise between min-

imum tower space occupied and potential MIMO performance benefits.

The planar array configuration requires a distance of d ≈ 3λ to reach within 1 per-

cent of its final performance at d = 10λ. Note that while the total space required in the

two dual pol array is only 2λ, the requirement in case of the ULA is 3 x 3λ = 9λ.

Further, for the standard inter-element spacing of λ/2 in the planar array configuration

used for beamforming applications, there is a performance loss of about 11 percent

compared to the final saturation value obtained for the dual pol case.

These results are not surprising as the two dual pol array incorporates two of the

three antenna diversity effects mentioned in Section II-B (space and polarization

diversity) whereas the ULA implements only spatial diversity. The two dual pol array,

due to the +/-45° polarization is more flexible to adapt to random mobile terminal ori-

entations, as compared to the vertically polarized antenna elements. These factors,

along with the fact that the configuration in Fig. 5(a) occupies lower space, are used

to show that the two dual pol array is a better solution for a MIMO base station

antenna. We now optimize the port-to-port isolation and cross-pol requirements. 
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Fig. 7. Average spectral efficiency per user in an urban micro-cell versus
inter-element distance d shown in Figs. 5(a) and (b), for bandwidth = 5MHz.

Fig. 8. Average spectral efficiency per user in an urban micro-cell (based on the
3GPP-LTE standard) versus cross-pol isolation (in dB) for the configuration shown in

Figs. 5(a), for bandwidth = 5MHz.



Optimizing the Two Dual Pol Configuration for Cross Pol and Port-to-Port Isolation
It takes a considerable amount of effort on the part of the antenna designer to meet

design specifications for these parameters. This effort and time can be lowered if the

optimum values of these parameters are known beyond which there will be no signifi-

cant improvement in data rate. In this article, we optimized the cross-pol and port-to-

port isolation with respect to the data rate, using the methodology discussed earlier.

We consider the range of cross-pol pattern isolation to be 10to 30 dB, in accordance

with common industry specifications.

The results for optimizing the cross-pol isolation are presented in Fig. 8 for three

values of interelement spacing, d = 1λ, d = 3λ and d = 10λ, for a fixed port-to-port

isolation of 30 dB. It is seen that to reach within 1 percent of the final data rate

obtained at 30 dB isolation, a cross-pol pattern isolation of 17 dB is sufficient. The

results for optimizing the port-to-port isolation are presented in Fig. 9 for d = 1λ, d =

3λ and d = 10λ, fixing the cross-pol isolation at 20 dB. From the figure, it is clear

that increasing the port-to-port isolation beyond 22 dB does not change the perform-

ance significantly. Hence, it can be concluded that the optimum port-to-port isolation

is about 22 dB for good MIMO performance. Standard dual pol arrays are typically

specified with a port-to-port isolation of 30 dB due to other considerations like trans-

mitter-receiver separation.

CCoonncclluussiioonn
Cellular service providers need to make the shift to MIMO to cater to growing

demands for high data rates. In this article, we described what makes a good MIMO

base station antenna. We evaluated the performance of two popular antenna designs

using the Grassmannian precoding, a closed-loop MIMO transmission strategy. We

concluded that the two dual pol array configuration yields good MIMO performance

and that an inter-element spacing of d = 2λ, cross-pol isolation of 17dB and port-to-

port isolation of 22 dB are sufficient to obtain the gains promised by MIMO. The

small optimum inter-element spacing implies that

the quad port configuration makes a good MIMO

base station antenna design. Future work will ana-

lyze the performance of these antenna designs for

other MIMO transmission strategies and multi-

user MIMO systems.
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Fig. 9. Average spectral efficiency per user in an urban micro-cell (based on the
3GPP-LTE standard) versus port-to-port isolation (in dB) for the configuration shown

in Figs. 5(a), for bandwidth = 5MHz.
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