Q Herbette 
  
E Géron 
  
T Dichi 
  
G Pillet 
  
J Lucas 
  
Losses do not prevent wide band metamaterial true time delay line applications, GaAs MMIC experimental verification

Losses are often the impairing feature of metamaterial true time delay line devices. In this paper we analytically demonstrate that ohmics losses in this kind of structures as well as impedance mismatch depend on the bandwidth. These results allow to consider wide band application for radar systems. It is verified experimentally that metamaterial delay line devices are fit for wide band delay line applications for they allow low insertion losses, low return loss and tunable delay.

Introduction

The multiplication of on-board RF systems in aeronautics for instance, along with the reduction of space available, especially in drones, makes it interesting to have many RF systems sharing the same antennas. Consequently as each system working frequency bands can be different, wide band antennas are required. Phase array antennas can be operated at a given frequency by controlling the phase between each radiating elements to pilot the RF beam [START_REF] Mailloux | Phased Array Antenna Handbook[END_REF]. The phase difference between radiating elements is required to compensate the different electrical paths length, generally in air, to the target of each radiating element. Doing so leads to constructive interference by summing in-phase waves in the selected direction. Consequently, to operate phase array antennas over a wide band, a flat group delay in the frequency band, which is equivalent to a propagation, is required and is often referred as true-time delay [START_REF] Zhang | Compact composite right/left-handed transmission line unit cell for the design of true-time-delay lines[END_REF][START_REF] Kim | A stepped-impedance true time delay line using GaAs MMIC technology[END_REF]. The issues, for radar applications for instance, are compactness, insertion loss, bandwidth and delay value which must correspond, in air, to the order of magnitude of the distance between the radiating elements.

In the last decade or so, works show the interest of making delay line using metamaterials [START_REF] Zhou | Design Considerations of Miniaturized Least Dispersive Periodic Slow-Wave Structures[END_REF][START_REF] Murase | Group delay equalised monolithic microwave integrated circuit amplifier for ultra-wideband based on right/left-handed transmission line design approach[END_REF][START_REF] Zhang | Compact composite right/left-handed transmission line unit cell for the design of true-time-delay lines[END_REF][START_REF] Lucas | Using a 1d bandgap metamaterial to build up a delay line[END_REF]. While the concept of metamaterial appeared in 1968 [START_REF] Veselago | The Electrodynamics of substances with simultaneous negative values of ǫ and µ[END_REF] , the first practical realization can be traced back to 1999 when Pendry [START_REF] Pendry | Magnetism from conductors and enhanced nonlinear phenomena[END_REF] proposed a design working at microwaves frequencies meeting the concept. In 1968 Velasago studied theoretical materials presenting special properties such as both negative permeability and susceptibility hence the prefix meta because those materials are not found in the nature. Their principle is that of inference between waves scattered by periodically spaced elements as the atoms in a crystal. Here one can see the link with solid state physics. This principle was early applied to electrical circuits such as electrical lines compound, delay lines, filters or couplers [START_REF] Islam | Coupled-line metamaterial coupler having co-directional phase but contra-directional power flow[END_REF][START_REF] Caloz | Electromagnetic Metamaterials: Transmission Line Theory and microwave applications/The Engineering Approach[END_REF][START_REF] Kahng | Compact metamaterial zeroth-order resonator bandpass filter for a uhf band and its stopband improvement by transmission zeros[END_REF][START_REF] Géron | Electronically controlled asymmetric microstrip line coupler underpinned by an hybrid right-left-handed line[END_REF] in which electrical waves propagate. It is usual to say that metamaterials allow band-gap engineering [START_REF] Caloz | Perspectives on EM metamaterials[END_REF][START_REF] Eleftheriades | EM transmission-line metamaterials[END_REF][START_REF] Eleftheriades | Transforming Electromagnetics Using Metamaterials[END_REF]. That kind of design yields incremental delay potentially allowing large delays by adding elements. Unfortunately, these designs are generally characterized by high insertion loss and a low characteristic impedance of the obtained line preventing applications. Some work report that measured insertion loss in metamaterial structure are related to the bandwidth [START_REF] Nadége | Slow waves in locally resonant metamaterials line defect waveguides[END_REF].This had to be investigated to determine if it could allow practical wide band application.

In this paper, by analytically analyzing the relationship between bandwidth and both insertion loss and characteristic impedance, we show that it is possible to realize long delay line with a large bandwidth and good impedance matching by judiciously engineering the pass-bands of a metamaterial line. First we shortly give the basics of incremental metamaterial delay line application. The ohmic loss which is the preponderant factor in insertion loss is then analytically calculated. We show it varies proportionally to the inverse of the bandwidth. The same analytic approach is used to demonstrate that mismatch loss can be small for large bandwidth delay lines. Finally a wide band GaAs MMIC prototype presenting low insertion loss and delay compatible with antennas application ( i.e. delay equivalent to the propagation between radiating elements in air ) was realized to verify the theoretical performances.

Metamaterial lumped elements delay lines

A metamaterial lumped elements transmission line (MTL) is a periodic impedance structure whose periodicity length is small enough so that propagation can be neglected both between elementary cells and inside the cells themselves [START_REF] Caloz | Electromagnetic Metamaterials: Transmission Line Theory and microwave applications/The Engineering Approach[END_REF]. That kind of metamaterial can be modeled using a T impedance cell as presented in figure 1. We only consider here symmetrical cell metamaterial and we work at sufficiently low frequencies in order not to take into account the propagation between elementary cells.
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Elementary cell In this model Z 1 and Z 2 are any king of impedance. Using the chain matrix as in reference [START_REF] Eleftheriades | NEGATIVE-REFRACTION METAMATERIALS[END_REF] one shows that :

cos(θ) = Z 1 Z 2 + 1 (1) 
Z 2 c = Z 2 1 + 2Z 1 Z 2 (2) 
Where θ is the equivalent electrical length of the cell (ie the phase shift per unit cell: v n+1 = e jθ v n , j 2 = -1) and Z c the Bloch impedance of the built line. The Bloch impedance is the impedance of a periodical structure. In our case it is the ratio V n /I n anywhere on the considered infinite metamaterial line for a right or left propagating voltage-current wave. It is also practically the measured impedance from the generator when feeding the considered metamaterial line loaded with a resistor of value Z c . It can therefore be interpreted as the characteristic impedance of the metamaterial line. In what follows, we will use the term characteristic impedance when referring to Z c .
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Elementary cell Any time cos(θ) goes beyond +1 or below -1, θ becomes complex and interference between the multiple scattered waves are destructive and extinction occurs.The electrical waves in the line are evanescent at the corresponding frequency. By judiciously choosing Z 1 and Z 2 , it is possible to engineer the frequency bands where the waves are evanescent (stop-bands) or propagating (pass-bands). When waves are evanescent the real part of θ is a multiple of π. When waves are propagating , θ is real and can even be negative, in which case the line is left handed. In so far the group delay G d = ∂ω ∂θ is concerned one could use indifferently a left or a right handed MTL. It would delay in the same way a wave packet. It is also possible to design a line presenting two bands. In those lines, the pass-bands are respectively left then right handed. By connecting the two bands one would increase the per cell delay, thus obtaining a greater delay per cell [START_REF] Collin | Foundation for microwave Engineering[END_REF][START_REF] Caloz | Electromagnetic Metamaterials: Transmission Line Theory and microwave applications/The Engineering Approach[END_REF]. Unfortunately that kind of structure is practically very difficult to tune. Finally we use a simple pass-band right handed structure whose cell is the simplest and is presented in figure 2 With the cell of figure 2 the pass-band circular frequency limits can be expressed as [START_REF] Lucas | Using a 1d bandgap metamaterial to build up a delay line[END_REF]:

ω 1 = 1 √ L 1 C 1 (3) ω 2 = 1 L 1 C 1 + 2 C 2 L 2 (4) 
With that structure, loss-less capacitors and zero resistance inductors, one obtains the dispersion and extinction of figure 3. Here, one can see that there is no insertion loss in the pass-band when using ideal lumped elements and that only extinction occurs outside. With the linear estimation of figure 3 one obtains an order of magnitude for G d , the group delay per cell, which is also the incremental delay (ie step delay): To summarize those results, in the frequency band where the waves are propagating, the MTL line behaves as a standard propagation line with its standard parameters ie : characteristic impedance, propagation celerity, where the length unit is the cell. Consequently, without considering losses, it can be used to build a delay line, to obtain any delay stepped by G d the group delay per cell.

G d ≈ 1 2∆f (5) 
Unfortunately, per cell insertion loss is often very high, thus limiting the applications of that kind of devices as delay lines by limiting the number of cells one can cascade.

Insertion loss in metamaterial delay lines

Former experiment [START_REF] Lucas | Using a 1d bandgap metamaterial to build up a delay line[END_REF] and simulations of this design show that losses are mainly due to the inductors internal resistance when a substrate with sufficiently low losses is used. We verified this point for GaAs (tan(δ) = 3 10 -4 ) and woven Teflon glass (tan(δ) = 9 10 -4 ). Let us rewrite equation 1 for the considered cell with inductors presenting an internal resistance r. Separating real and imaginary parts it comes:

ℜ e cos(θ) = C 2 C 1 + 1 -L 1 C 2 ω 2 (6) 
ℑ m cos(θ) =rC 2 ω (7) 
Only the imaginary part depends on r and is therefore responsible for the ohmic loss which is the expected result.

At first sight, considering again equation 7, it seems that ohmic loss increases with the frequency even without taking into account the rise of r with the frequency resulting from the skin effect. Surprisingly this result is not in agreement with simulations we performed, which led us to investigate more thoroughly. At a given frequency, r should be proportional to the L 1 inductor value. It is true for winded inductors meaning that both L 1 and r are proportional to the number of turns. It turns out to be true as long as the skin penetration does not increase too much the resistance. Practically, it is verified at low frequencies, or over small bandwidth, or for thin conductors as when using printed inductors with air bridges such as those used in MMIC [START_REF] Robertson | MMIC Design[END_REF] technology.

Let us assume that:

r = aL (8)
where a is a real positive number.

Solving the set of equation 3 and 4 with C 1 and C 2 as variables yields :

C 1 = 1 π 2 (2f c -∆f ) 2 L 1 (9) 
C 2 = 1 4π 2 ∆f f c L 1 ( 10 
)
where ∆f is the pass-band frequency width defined as ∆f = 1 2π (ω 2 -ω 1 ) and f c the central frequency :

f c = 1 2π ω 1 + 1 2
∆f . With equations 7, 9, 10 and eliminating L 1 it comes:

ℑ m cos(θ) = aω 4π 2 ∆f f c ( 11 
)
which reads in the middle of the pass-band:

ℑ m cos(θ) fc = a 2π∆f (12) 
This result is interesting. Indeed, considering equation 12, ohmic loss will increase with a which is intuitive. It will concomitantly decrease with the bandwidth which is not intuitive. It can be noted that considering a Left Handed structure and using the same analytic approach, the same behavior is obtained though with a different expression for ℑ m cos(θ) .

With equation 1, the ohmic insertion loss per cell in the middle of the pass-band finally reads as:

Ohmic Insertion Loss = 20 log 10 exp -.acos ∆f 4f c +  a 2π∆f (13) 
In this equation f c stands for the pass-band central frequency and | | denotes the modulus. Figure 4 shows that for a = 2Ω/nH which is a typical value for MMIC (Microwave Micro Integrated Circuit) technology, the ohmic insertion loss is small (lower than 3dB) as soon as the bandwidth is greater than ≈500 MHz. One can see as well, that ohmic loss does not depend on the central frequency which is not obvious when considering equation 13. Consequently wide band applications for multi-systems antenna such as those presented in the introduction can optimistically be considered.

These results concerning ohmic insertion loss and group delay are most certainly very general for they have been also reported in reference [START_REF] Kahng | Compact metamaterial zeroth-order resonator bandpass filter for a uhf band and its stopband improvement by transmission zeros[END_REF] in a completely different kind of metamaterial. In this reference it stated without demonstrating it that losses must be related to the travel time of the waves in the material, which is related to G d , the latter depending as the inverse of ∆f (see equation 5).

Characteristic impedance

Of course metamaterial delay lines must be connected to other standard microwave equipment such as generators, amplifiers, filters, measurement apparatus, whose input and/or output impedance are classically 50 Ω. With equation 2, one can see that the characteristic impedance depends on Z 1 and Z 2 . If it is not close to 50 Ω, impedance matching will be required as in [START_REF] Lucas | Using a 1d bandgap metamaterial to build up a delay line[END_REF]. ∆f (via G d ) and f c are determined by the application requirements. Considering equations 9 and 10, one can only choose L 1 which is consequently the only degree of liberty to have some influence over Z c .

Using equations 9 and 10, Let us write Zc as a function of f c , ∆f and L 1 . It reads :

Z 2 c =π 2 (∆f ) 2 L 2 1 . 4f c 2 -1 4 (∆f ) 2 f 2 c (14)
It is interesting to note at this point that this value is valid whatever the frequency in the pass-band frequency width. Z c is constant in the pass-band.

As in section 3, the consequences of this result depends on whether a wide band application or a narrow band application is considered.

In the case of narrow band application (high group delay), the operating frequency of the delay line is far greater than the pass-band frequency width :f c ≫ ∆f . Consequently equation 14 can be approximated as :

Z c ≈ 2π∆f L 1 (15) 
In that case Z c is proportional to ∆f whatever the value of f c which yields small characteristic impedance because ∆f is small. In the general case one has 0 < ∆f fc < 2 because the bandwidth is DC limited. Equation 14 can be rewritten as:

Z 2 c = 2πf c L 1 2 × ∆f fc 2 1 -1 16 ∆f fc 2 .
Finally one can plot as presented in figure 5 the normalized characteristic impedance as a function of the relative bandwidth ∆f fc as given by equation 16 :

Z c |Z L1 | = Z c 2πf c L 1 = ∆f f c 1 - 1 16 ∆f f c 2 (16) with 0 < ∆f f c < 2
In figure 5, as mentioned above, for small values of ∆f , and more accurately for ∆f fc < 0.5, the characteristic impedance at the middle of the pass-band is proportional to |Z L1 | = 2πf c L 1 which leads to small values of characteristic impedance. For greater values of ∆f fc , albeit not proportional, the characteristic impedance still increases with the relative bandwidth. This allows wide band delay lines without requiring impedance matching.

As an illustration of theses two situations, in reference [START_REF] Lucas | Using a 1d bandgap metamaterial to build up a delay line[END_REF]: ∆f = 100MHz, with f c = 2 GHz which yields 

Experimental results using UMS GaAs MMIC Technology

In order to verify the precedent results and the feasibility of such delay lines, a prototype using the United Monolithic Semiconductors (UMS) PH25 GaAs process was realized. This process was chosen because it is open for shared runs. The goal was to obtain at least a 66 mm (3 10 8 /66 10 -3 =220 ps) air equivalent delay, compliant with inboard electronic antena applications, over a frequency bandwidth of at least 8-12 GHz. Considering figure 3, it can be seen that the group delay is stable only in the middle of the pass-band. So, to obtain a stable delay, it has been necessary to design a MTL presenting a larger pass-band frequency bandwidth than the required 8-12 GHz one. The reduction of the delay resulting from the larger bandwidth being eventually compensated by adding cells to increase the delay by G d as necessary. As the cost of an MMIC prototype depends on its size, we chose to use the standard 1.4×1.4 mm die which is the smallest compatible with the industrial packaging of UMS. Finally, we managed to fit a 10 cells MTL delay line with a (5-18)GHz bandwidth which makes it compliant with the required delay. The realized prototype is presented in figure 6. The geometrical constraints impact the performances by creating parasitic coupling. These coupling were taken into account using the PH25 components model provided by the foundry which are very accurate. We used theses model to simulate the design using the Advanced Design Software (ADS), 2016 version, from keysight technologies. Nevertheless these coupling effects did not prevent to reach the desired performances in spite of the meandering of the realized line. The prototype was designed for measurement using RF microwaves probes. The measurement were performed using a ROHDE&SCHWARZ ZNB40 VNA with Rosenberger Z40-X-GSG-150 RF probes. A classical SOLT calibration procedure was used with the coplanar CSR8 calibration substrate.

The measured S parameters show excellent agreement (Figure 7) with the simulated ones. From the S 11 measurement it is possible to verify that the delay line is nearly matched (Z c ≈ 60 Ω) . This point is necessary for wide band applications. By differentiating S 21 , the group delay presented in figure 8 can be calculated. The performances in term of delay are summarized in Table 1. In this table, the performances of a 50 Ω AsGa microstrip line long enough to exhibit the same delay are presented as a reference. One can see that it length is ≈ 62 times greater which demonstrate the efficiency of the MTL concept in so far the delay is concerned. Insertion losses are equivalent (-1.2 dB) but it is not a periodical structure and the above considerations do not apply and the delay relative variation is much lower. Such a long delay line can, unfortunately, not be embedded in a 1.4×1.4 mm die which is, here again, the reason why alternate ways to build up true type delay lines are researched. Finally, the performances of the prototype are, as with the simulation, compliant with the targeted performances. 

Conclusion

We have presented the theoretical constrains of a wide band MTL delay line. Though wide band devices are in general more complicated to design, we have shown that in the case of MTL delay lines it is not the case. Indeed as soon as the bandwidth is large enough, insertion loss is low and the characteristic impedance can be large enough to avoid matching circuitry. For frequency bandwidth larger than 0.5 GHz, ohmic insertion loss is lower than 3dB and the characteristic impedance of these devices increases with the pass-band frequency bandwidth.

The delay in these MTL delay line devices can be controlled both by tuning the bandwidth or by simply adding cells. Those theoretical predictions have been verified on a prototype to demonstrate a Technology Readiness Level of 3.
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 1 Figure 1: Metmaterial line: general symmetrical T cell model
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 2 Figure 2: Right Handed pass-band MTL cell
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 3 Figure 3: Dispersion (θ versus ω: blue) and extinction ( Vn+1 Vn versus ω: dashed red) in a Right Handed passband MTL
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 4 Figure 4: Ohmic insertion loss per cell : a) as a function of the bandwidth ∆f , a = 2Ω/nH, b) as a function of the central frequency f c , ∆f = 100 MHz
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 5 Figure 5: Normalized characteristic impedance versus relative pass-band width

∆f fc = 0. 5 .

 5 With L1 = 4.5 nH, |Z L1 | ≈ 56.5 Ω and Zc ≈ 56.5 × 0.05 ≈ 2.8 Ω. Consequently impedance matching was necessary. But for wide band application, for instance with ∆f = 10 GHz, f c = 10 GHz and L1 = 1 nH. One has |Z L1 | ≈ 63 Ω and ∆f fc = 1. This late value being greater than 0.5 we use ∆f fc and finally one has Zc ≈ 63 × 0.96 ≈ 60 Ω and no impedance matching should be required.
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 687 Figure 6: UMS AsGa PH25 process 10 cells delay line prototype

Table 1 :

 1 [START_REF] Kahng | Compact metamaterial zeroth-order resonator bandpass filter for a uhf band and its stopband improvement by transmission zeros[END_REF] and S 21 parameters Performances of the prototype and reference line

	Bandwidth 8-12 GHz	
		GaAs	GaAs
		MTL	microstrip
		delay line	line
	Total unfolded	400	25000
	length		
	(µm)		
	Group delay	71.7	70.44
	at 10 GHz		
	(mm air)		
	maximal delay	75.16	70.48
	(mm air)		
	minimal delay	68.83	70.44
	(mm air)		
	relative variation %	9.18	0.05
	(max-min )/min		
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