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1. Introduction

The objective of NR SI is not only to develop requirements and specifications for New Radio (NR) access technology (up to 100 GHz) but also provide sharing parameters for frequency band within 24 GHz to 86 GHz as requested in an LS from ITU-R WP5D.
Early start of the millimeter-wave work in RAN4 would thus be essential for development of requirements for NR as well as handling the ITU-R related work. 

In this contribution, we follow-up (the initial discussion was started in [1]) the discussion on some important and fundamental aspects related to mm-wave technologies to better understand the performance that mm-wave technology can offer but also the limitations. To reach common understanding is an important step to be able to create proper requirement for mm-wave frequencies.
2. Discussion

A traditional base station antenna or an AAS base station consists of an array antenna protected by an antenna radome. The antenna radome protects the array antenna against environmental factors, such as wind, rain, and dirt. Also the radome is part of the mechanical enclosure which means that industrial design aspects are important. This contribution dives deeper in aspects related to the antenna array and antenna radome in the context of millimeter wave operation.

Regarding this paper, the intension is:
· Present an overview on some important aspects for mm-wave products. No intention to enforce models and mandate any implementations
· Balance the possibilities and limitations both for receiver and transmitter including the antennas and other necessary means for efficient beam-forming
· Discuss areas that need to be considered before core requirements are settled

2.1
Antenna array

Traditional base station antennas have been designed as single column antennas, i.e. no beam steering in azimuth, and if designed with electrical tilt, a quite limited tilt range. The small tilt range allows for a rather large element separation and few elements (or sub-arrays).

At millimeter wave frequencies we foresee a quite different antenna design, two-dimensional antenna arrays, due to link budget issues. For a link budget, in free space, to be frequency independent there is a need to keep the antenna gain at one end and the antenna area at the other end constant. This is of course one of several options to split the link budget issues between the access node and the UE but it clearly shows that there will be a need for large arrays at the access node. Additionally, losses due to shadowing and penetration will increase significantly as carrier frequency increases.

A large array antenna can provide coverage in a wide sector utilizing beam steering, probably both in elevation and azimuth. To avoid grating lobes, that will decrease the power in the desired direction, there is a need to decrease the element spacing to be in the order of half a wavelength. One aspect of the small element spacing is the increased coupling as is discussed below.

Reciprocity is believed to be an important component of 5G but also more traditional beam forming approaches, such as analog beamforming will play an important role. In both cases there is a need to have sufficient accuracy in amplitude and phase for the signal paths, including the antenna. For reciprocity it is important that TX/RX paths connected to the same element have a known relation whereas for the conventional approach it’s the relation between RX paths and TX paths respectively that are of importance. Additionally, knowledge about the array topology (array factor) as well as element characteristics are required.

In general, an array antenna design consists of several parts; radiating elements, a finite ground plane and mechanical structure components. The elements are typically placed in a lattice on the ground plane. The individual location of each element together with the radiation characteristics of each element determines the composite array antenna characteristics.
2.1.1
Radiating element

The element characteristics in terms of radiation properties (aka. element factor) are specified by the use-case related to the deployment scenario. A wide area base station providing sector coverage very often requires more narrow elements pattern compared with medium range and local area base stations. Also, if the base station is mounted in a mast, it is reasonable to down-tilt the element for optimized ground coverage. Down-tilt can easily be realized by creating sub-array, where the phase is shifted between individual elements.  

In general, for a single polarized element, the individual embedded element pattern for an array antenna with N elements is described as: [image: image1.wmf](
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 , where n=1..N. Observe that an element can be implemented using several elements and passive combining part of the Radio Distribution Network (RDN), constituting a sub-array. 
The element design is set by available physical volume, operating frequency, bandwidth and radiation properties. Many types of design approaches exist designing an array antenna. The radiating element is a fundamental component of the array antenna. The radiating element can be designed based on fundamentally different antenna approaches, such as dipole antenna, patch antenna, Vivaldi antenna, wave guide (horn) antenna. Traditionally for passive array antennas for base stations, the array is created by using integrated dual-polarized vector dipoles. However, for higher frequencies other element implementations may be desirable. From an electrical and mechanical perspective Printed Circuit Board (PCB) design and manufacturing process is well known for microwave/millimeter wave frequencies. Also, the manufacturing process with respect to overall cost is beneficial for patch elements using PCB technology. Therefore, patch elements are commonly used for array antennas, where many elements are used. At very high frequencies the mechanical tolerances relating to the PCB process be a limiting factor. Another consideration is that components other than the radiating element itself, such as baluns and combiners/splitters may not scale in size as the radiating element due to high frequencies, which can cause design challenges at very high frequencies.
2.1.2
Array geometry

In general, the array antenna consists of many radiating elements located close to each other under weather proof encapsulation (aka. Radom, the characteristics performance of the radome is discussed in section 2.2). The locations of the n-th element in an antenna array can be described by; [image: image2.wmf])
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. Each element in the array antenna is feed with a signal described as a complex weight factor as [image: image3.wmf](
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. For a single polarized array antenna, the transmitted signal is created from super-positioning in the far-field region. The composite field strength can be expressed as:
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, where [image: image5.wmf]k

is the wave vector defined as:
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. The wave vector refers to a vector that describes the phase variation of a plane wave, in 3 orthogonal directions.

In the special case where elements are identical and have the same physical orientation and polarization, then the radiation pattern for an array antenna is simply the array factor (AF) multiplied by the element radiation (EF) pattern. This concept is known as pattern multiplication. The above expression can be rearranged as:
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This pattern multiplication concept works with array antennas where all elements factors are the same, meaning that impact of mutual coupling is negligible.

The output of the antenna array will vary based on the angle of arrival of an incident plane wave. In this manner, the array itself is a spatial filter; it filters incoming signals based on their angle of arrival. In addition, if the array is transmitting, the radiation pattern will be identical in shape to the receive pattern due to reciprocity.  
The challenge in designing array antennas is that radiation characteristics for individual element will not be the same in the whole array, due to mutual coupling effect. That means that the element factor R, cannot be seen independent of the element separation. The element separation also relates to radiation characteristics by means of spatial sampling resolution. Typically, for an array implementation where the element separation is larger than 0.5 side-lobe performance will be affected. Generally, the maximum steering without grating lobes can be expressed as:
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, where d is the element separation and max is the maximal steering angle (along one dimension).
If the spatial sampling criterion is not fulfilled folding effect will occur creating a grating lobe response. Therefore, antenna designers strive to set the element separation close to 0.5for system using large steering angles. However, when the elements are close the interaction between them is more severe, which results in ripple in radiation pattern per element level. Therefore, the element beam-width will be different. Hence the interaction between element separation and element radiation characteristics is a delicate challenge for the antenna engineer. Typical element separation is in the range of 0.5 to 0.7. The consequence of grating lobes is that energy will be spread in unintended direction, this may or may not be harmful for the system from an interference perspective. Nevertheless, the power in the intended direction drops because of large grating lobes. From a system design perspective, grating lobes, and the fact that the effective antenna area is reduced due to projection will reduce the directivity. This phenomenon is referred to as scan-loss. The scan-loss will impact EIRP in the intended direction. This effect needs considerations from a system perspective. 

2.1.3
Mutual element coupling

The radiated transmit power delivered by an active array antenna is determined by the capability to generate and direct power as Equivalent Isotropic Radiated Power (EIRP). In general, EIRP can be expressed in logarithmical scale as:
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, where Prad is the total power accepted by the array antenna and G0 is the peak gain created by the array antenna. However, the exact calculation of EIRP for an array antenna required careful handling, since both Prad and G0 will depend on array excitation array geometry and mutual coupling.  

Antenna element coupling is caused by the fact that antenna elements are located close to each other and thus there is electromagnetic interaction between them. It is reasonable to believe that mutual coupling between elements is stronger in an active array antenna compared to a traditional passive array antenna, since beam-forming performance requires element separations to be in the region of 0.5, and it may not be possible to build high isolation circuits, such as traditional isolators in the limited space as is common for traditional passive array antennas. To a specific array antenna, the matching and mutual coupling can be evaluated by introducing a scattering matrix, S.

The scattering matrix will capture the S-parameters seeing the array antenna as an N port circuit. The S-parameters hold information about the relationship between reflected and incident waves. For an N port array antenna, the S-parameter matrix is given by:
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The diagonal holds the voltage reflection coefficient for each radiating element, other indices holds coupling coefficients between all radiating elements. The reflection coefficients determine the impedance matching between the transceiver array and individual elements in the array at the Antenna Reference Point (ARP). For millimeter wave systems there will be no access the ARP due to the expected integration of the transceiver and the antenna element. Without access to ARP the S-matrix can be determined from electromagnetic simulation. The impedance matching is directly related to the realized gain of the active array antenna. All the elements in the S-matrix are dependent of frequency.
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Figure 2.1.3-1: Antenna reference point

In an active array antenna the array excitation is determined by the total voltage, defined as the sum of forward and reflected voltage wave at the ARP. The total voltages at ARP for all elements can be expressed as a vector:
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In the case where the ARP is in the aperture plane the total voltage at each antenna terminal is determined by the element excitation voltage V+, the voltage feed from the PA to the antenna element and the reflected voltage V- as:
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 is the forward voltage waves and 
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 is the reflected voltage waves. 
If the ARP is separated from the aperture plane with a feeder transmission line, the characteristics of the transmission line with respect to V+ and V- should also be considered. For many implementations there will be a feeder line in the PCB between the PA and the radiating element [3]. 
The intended beam characteristics are determined by amplitude weights (e.g. amplitude tapering could be applied to reduce side-lobes) and phase progression (i.e. phase weights applied to each transceiver in the transceiver array).
The reflected voltage vector can be calculated from the scattering matrix as:
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The reflected power component is moving back-wards towards the power amplifier and must be handled properly (That is, the PA in the transceiver array should be designed such that the signal appearing at its output does not substantially disturb its behavior).

The power accepted by the array antenna Pacc can be expressed as a function of excitation vector and scattering matrix as:
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This means that the radiated power is a complex function of deployment parameters such as steering angle and design parameters such as antenna mutual coupling. Therefore, EIRP will be a function of both Prad and G0, which both depends on the array excitation and mutual coupling characteristics of the array antenna. The complex characteristic of EIRP includes several phenomena. A common phenomenon is referred to as scan-blindness, where EIRP drops unexpectedly due to interactions between coupling characteristics and excitation of the array. Note that EIRP can be affected by both scan-loss and scan-blindness at large steering angles, which means that the radiated power will drop considerably. 
Another aspect is that radiation the individual radiation patterns or embedded radiation pattern will suffer from mutual coupling. The embedded pattern is distorted with a ripple, where characteristics such as beam pointing direction and beam-width may be impacted. 

A simple and ideal, but still quite realistic, model for the element pattern should satisfy the earlier explained relation:
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Written as power, or gain, patterns, the array antenna gain can be expressed as:
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If the element distances in the array are small enough to not produce any grating lobes, and the array is a planar array, the maximum array gain for any scan angle should equate the gain of a planar aperture, i.e.
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, where A is the total area of the antenna array and  is the angle off the normal direction. 
Here we also neglect all losses related to reflections and mutual coupling. The factor cos() comes from the projection of the array area as seen in the direction of observation. Maximum array gain is achieved when all elements have the same amplitude, and are co-phased in the scan direction, i.e. the array factor.
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This implies that the element factor should be:
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 are the element distances in x and y direction. The 3 dB beamwidth thus becomes 
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degrees and the maximum element gain for an array with 0.5 element spacing is , or ~5 dBi.

In practice, however, the 3 dB beam width is lower than 120°, typically around 90° to 100°. This discrepancy to the theoretical 120° 3 dB beam width derived above is partly due to power loss from mutual coupling effects, which typically gets higher for larger scan angles. Also, for element distances larger than 0.5, the presence of grating lobes will destroy the above derivation of the beam shape, since at large scan angles, power will be dissipated in the grating lobes. The element pattern beam width should also be related to the element gain, since element gain is only a measure on how focused the energy is in the far-field. An approximate formula relating the gain and beam widths is
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, where HPBW and HPBW are the 3dB beam widths in two orthogonal planes [2]. Combining this way of calculating the maximum gain with the above expression relating the maximum element gain with the antenna area yields
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A practical element pattern model could be a Gaussian pattern with peak gain equal to 
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and beam widths related to the element distance as described above. This model would thus to some degree account for reflection and mutual coupling losses for large scan angles and losses due to grating lobes. It also scales the antenna element patterns gain and beam widths with the element spacing of the array in such a way that the superposition of all the elements in the array gives a total antenna gain equal to the array area.
2.2
Beam-forming architecture
Array beam-forming could be created by means of:

1. Passive beam-forming, where the beam-forming is created in the RDN using passive components.

2. Analog beam-forming, where the beam-forming is created in the RDN using passive and analog components. Typically, PA and LNA is distributed in the array.
3. Digital beam-forming, where the RDN is reduced to a 1:1 mapping.

It is reasonable to believe that NR base station will make use of all approaches individual or in combination as hybrid beam forming systems.
For systems with a complex RF Distribution Network (RDN) structure impacts of mutual coupling can be minimized because of high port-to-port isolation seen from the transceiver array. However, for dense antenna arrays with simple RDN structures impacts of mutual coupling are much more interesting to study. Figure 2.2-1 shows different configurations of RDN, complex topologies where multiple elements are combined to a single port and simple topologies where few elements are combined or mapped directly to a port. There are mainly three different characteristics that can be impacted by mutual coupling; radiation pattern characteristics can be distorted due to mutual coupling, the radiated power or EIRP for large steering angles will be reduced and spurious emission can be affected by reverse intermodulation caused by interference coupled from neighbor elements.
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Figure 2.2-1: RDN topologies

The beam distortion could potentially be an issue for fixed beam systems, where requirements on beam isolation may exist. For array antenna operating at microwave or millimeter wave frequencies it is reasonable to believe that the radio architecture is distributed resulting in a simple RDN driving a sub-array (as shown at the right in Figure above).

The above theory is describing how EIRP depends on element matching and mutual coupling. The UL characteristics in terms of EIS will also depend on element matching and mutual coupling in a similar manner. 
2.3
Radome

Radomes usually function as a protective shell around an antenna. Protection is usually against weather impact such as rain, snow, salt, and UV radiation that can cause reduction of the electromagnetic properties of the antenna. The most basic radome could be just a piece of cover material of a certain thickness that is placed above the antenna at a certain distance. It can be shaped to follow the antenna structure itself, or just simply a planar sheet of some material. This simple radome has only one layer, but to give strength to the mechanical design, a sandwich structure could be used. Typical, for passive base station antennas, the radome is designed in homogeneous plastic material. 

The thickness of a homogeneous radome is tuned to be 0.5n. In modern radome design, usually some sort of plastic material strengthened with fiberglass, quartz, etc. is used. The different layers are usually held together with polyester, epoxy, and other resins. The bearing materials often have dielectric properties with high relative permittivity constant. In a sandwich structure, foam or some kind of honeycomb material with low permittivity is often placed between stiffer materials for the mechanical/structural strength and rigidity. This structured radome makes the electromagnetic properties more complex than a simple dielectric slab. 
As a general rule for radome design is that it should be invisible at the frequency of design. This may be accomplished for a certain frequency and for normal incidence to the radome.

2.3.1
Single dielectric slab radome

In the simplest case, a dielectric slab of thickness θ may be analyzed for normal incidence. The dielectric slab then acts as a transmission line transforming the free space wave impedance (377 () to something else, on the backside of the radome. The impedance follows classical transmission line calculations and may be readily expressed as:
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It is particularly interesting to notice that when the electric thickness θ of the dielectric slab is n[image: image36.png]


, that is if the thickness is a multiple of (/2 = (0/(2[image: image38.png]


) then the radome would be electrically invisible to the radiation. At least this is true for a planar wave incident at normal angle to the radome. In reality, waves that are actually spherical are coming in from all directions originating from the antenna array behind the radome. However, in the sense of design issues, this simple approach may be used.
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Figure 2.3.1-1: RDN topologies

The statement about having the radome be (/2 thick would be OK at very high frequencies where the wavelength is small. But at lower frequencies, this might turn out to be very thick and in turn cause weight issues. 

2.3.2
Thin dielectric slab radome

Another design approach would be to keep the dielectric sheet as thin as possible in relation to the wavelength. Then the impact on radio transmission would be minimal. In this case, the input impedance would become according to the following expression, for small θ: (again for normal incidence)
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The reflection level can be readily expressed as in the expression below:
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In Table 2.2.2-1, the reflection is listed as function of r and .

Table 2.3.2-1: Reflection

	r 
	
	 [dB]

	4
	0.05
	-28.5

	4
	0.1
	-22.5

	4
	0.15
	-19.0

	4
	0.2
	-16.5


So it would seem that a single dielectric slab radome which is maybe 0.1 rad thick would function as a radome without too much of a reflection. As a function of carrier frequency this would mean a radome thickness in mm according to Table 2.2.2-2.

Table 2.3.2-2: Thickness

	Frequency [MHz]
	r
	x [mm]

	1000
	4
	2.4

	2000
	4
	1.2

	4000
	4
	0.6

	8000
	4
	0.3

	16000
	4
	0.15

	32000
	4
	0.1


The table above shows that the single layer radome would only work up to for around 3000-4000 MHz, since probably the rigidness of the radome would not any longer be guaranteed. At high frequencies a mechanically strong material is required to maintain the mechanical integrity of the radome. The challenge is to find a compromise between mechanical properties and RF properties. 

3. Summary
This contribution as a continuation of previous mm-wave technology papers, presents some information relating to antenna design at micro-wave and millimetre-wave frequencies. In addition to properties and characteristics of radiating elements, the impact of radome has also been fully described. As outlined in this paper, the design challenges are similar to the one for AAS base stations operating in the frequency range 2-6 GHz, however for mm-wave frequencies as the physical dimensions get smaller some challenges from an implementation perspective needs to be handled.

Other aspects such as grating lobes were discussed i.e. an array antenna without grating-lobes in the visible region requires the element separation to be set to 0.5. As explained in this contribution the beam-width for individual elements will then be in the range of 90-120 degrees. 

Regardless of the operating frequency range, it was indicated that the radiated power from an array antenna is a complex function of array geometry, excitation and interaction between the transceiver and array antenna where in particular for mm-wave frequency ranges the compromise between RF characteristics such as reflections and mechanical design aspects become more critical. 
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