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ABSTRACT

In this paper two dimensional wave propagation is used for power combining in drain nodes of a
distributed amplifier (DA). The proposed two dimensional DA uses an electrical funnel to add the
currents of drain nodes. The proposed structure is modified due to gate lines considerations. Total gain
improvement is achieved by engineering the characteristic impedance of gate lines and also make
appropriate variation in the output of gain cells. All variations are done with respect to input and output
reflection loss considerations. Analytical expression for the gain of the proposed DA is presented and
design considerations for electrical funnel are discussed. Based on two dimensional power combining a
wide band DA is simulated using TSMC 0.18 CMOS model in ADS which consumes 49.42 mw from
1.2V power supply. Good agreement between the proposed DA gain and calculated value is achieved.
Although one stage DA is used, the final results yield a high figure of merit (FOM) in 0.18 CMOS
technology. The final design shows 11.1 dB gain from near DC to 23.6 GHz, noise figure between 3 to

5.2dB and maximum output power of 7.1dBm at 1-dB output compression point (OP1gg).

doi: 10.5829/ije.2017.30.06c.02

1. INTRODUCTION

Wideband amplifiers operating in high frequency ranges
are of great interest for various applications like high
speed links, high resolution radars, imaging systems,
multi-mode transceivers, broadband transceivers and
instrumentation systems. To achieve a broad band
amplification,  distributed amplifiers were first
introduced in reference [1]. The idea was to absorb
parasitic capacitances of transistors into transmission
lines.

To enhance the characteristics of distributed
amplifiers, self-equalized technique [2], matrix DA [3],
gate—drain transformer feedback technique [4], tapered
drain line technique [5], loss compensation technique
[6, 7], cascaded multi-stage distributed amplifier
(CMSDA) [8], DA with active termination [9], DA with
RC gate terminal network [10], cascaded single-stage
distributed amplifier (CSSDA) [11], Conventional DA
(CDA)-CSSDA-CDA configuration [12], DA with
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Internal feedback [13] and DA with cascaded gain
stages [14] have been presented since now.

One dimensional (1D) wave propagation is used in
all above techniques. Figure 1 shows some of these
configurations which are always limited to 1D
transmission line properties for power combining.
Figure 2 shows two dimensional (2D) LC-Lattice which
supports 2D wave propagation. In this figure each line
represents an inductor, and each dot represents a
capacitor to ground.

2D LC-Lattice has been studied before. In reference
[15] for wideband signal shaping and combining, in
literature [16] for ultra-fast Fourier transformer, in
reference [17] for harmonic generation, in reference
[18] for harmonic generation and efficient combining, in
[19] for high quality factor filter and in [20] for high
speed quantizer.

Especially 2D LC-lattice has been used in literature
[21] for designing an electrical funnel which is a wide
band power combiner. In an electrical funnel, the
characteristic impedance of 2D LC-lattice is designed in
such a way that the current waves are guided to the
middle path of the lattice.
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Electrical funnel has been used in reference [22] in drain
nodes and a new structure for distributed amplification
was introduced for the first time. The structure used two
dimensional wave propagation. Delay time engineering
and gate lines with lower impedances were used in
reference [22] to achieve a better design.

In this paper another design technique is presented
which helps to enhance the gain of two dimensional
distributed amplifiers (2D-DA). The new technique is
based on reasonable variation in the characteristic
impedance of gate lines and also using output transistors
proportional to the calculated output capacitance.
Hence, larger widths are achieved for input and output
transistors which yield a higher gain against the constant
one.

The new technique and the other previous ones are
used to achieve a high performance two dimensional
distributed amplifier (2D-DA). Final results are
extracted from one stage amplifier simulations. They
lead to a high FOM which show the effectiveness of the
presented techniques and 2D-DA structure.

The remainder of this paper is organized as follows.
Section 2 reviews electrical funnel. In section 3 the
proposed structure is introduced and all design
techniques, especially the new one, are discussed. Due
to the new technique, gain calculations for the proposed
structure are presented in section 4. In section 5
simulation results are presented and parasitic effects are
discussed. Finally, section 6 concludes this paper.

2. 2D-LCLATTICE AND ELECTRICAL FUNNEL

A unit cell of 2D LC-lattice is shown in Figure 3. By
connecting number of unit cells a circuit like Figure 2 is
achieved which is a 2D LC-lattice. In this figure each
line represents an inductor and each node is a capacitor
to ground. By this structure waves can propagate in two
dimensions and we call it “lattice” for the rest of this
paper.

For a straight forward propagation the characteristic
impedance (Z), cutoff frequency (fuofr) and delay per
section (T) of each node in a lattice are defined in
literature [15]:

_ (L% y)
2=\ Sy)
1 o

f t—off ’ I N
o (4Y) = ey
T(xy)=+L(X y)C(X,y)

in which L(x,y) and C(x,y) are the values of inductance
and capacitance in xy-th unit cell. Electrical funnel is
constructed by engineering the straight forward
characteristic impedance along the wave propagation
path. Assume a lattice with a characteristic impedance

like Figure 4 and a constant delay per section in all
nodes. The lattice is terminated to matched loads in
right and left boundaries and is opened in top and
bottom boundaries. Assume that the electrical funnel is
stimulated by in- phase and equal current sources
(Figure 5).

(©)

Figure 1. a CDA, b CSSDA, ¢ Matrix DA, DC biases are not
shown

Top Boundary

Left Boundary
Right Boundary

Bott
Node(1,1) ottom

Figure 2. 2D LC-Lattice

Figure 3. Unit cell of a 2D LC-Lattice
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In this structure, current waves see parallel paths and
they are guided to lower impedance paths (middle path).
Each straight path from left to right is parallel to the
neighbors and voltages for parallel nodes are equal.
Equal voltage amplitude in vertical columns and
gathering currents leads to power combining in the
middle path. In this paper electrical funnel is a part of
the DA. This differs from combining output power of
several amplifiers by a power combiner.

3. PROPOSED STRUCTURE

Figure 6 shows the proposed two dimensional
distributed amplifier (2D-DA) which is constructed by
three transmission lines in the gate section and an
electrical funnel for power combining in the drain
section.

NN

Characteristic Inpedance
g

-

7-\.
Row number

T Column number

Figure 4. Characteristic impedance of a 3x4 electrical funnel

Inductors in the lattice and gate lines are not shown
separately. Twelve gain stages are used in the structure
which are arranged in three rows and four columns.

In this 2D-DA, gate artificial transmission lines are
formed by inductors and gate capacitances and the drain
lattice is constructed by inductors and drain
capacitances. As illustrated in Figure 6, the input signal
stimulates three parallel gate lines and the output power
is delivered to the load at the end of electrical funnel
middle path.

In this design, right and left boundaries of the drain
lattice and all gate lines are terminated to match
resistive loads. Terminating top and bottom boundaries
of the drain lattice leads to power dissipation along the
wave propagation path which is not desired.

For the best input matching, the characteristic
impedances of the three parallel gate lines should be
three times larger than the characteristic impedance of
the input line.

To have a larger characteristic impedance while
keeping cut-off frequency constant, it is necessary to
have smaller capacitances in gate lines. This is due to
the relations of characteristic impedance and cut-off
frequency of a transmission line.

According to the straight relation between trans-
conductance of each gain cell and input capacitance of
gain cells, using gain cells with smaller capacitances
leads to gain reduction.

A reduction in noise figure is also achievable by
smaller characteristic impedance for gate lines due to
lower gate line termination resistance. Furthermore,
with increasing transistor widths a higher output power
can be achieved.

For a distributed amplifier |S11|<-10dB is
acceptable. One can easily write:
VA -7,
|Su| — ZOg—sensed InputLine (2)
0g-sensed InputLine

In which Zjnpuine 1S the input line impedance, S;; is the
input reflection coefficient and Zyg.sensed IS the sensed
characteristic impedance from the input of the structure.
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Figure 6. Proposed structure which is a 2D-DA with electrical funnel for power combining
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For ZnpuLine=50€2, three parallel gate lines with 80Q
characteristic impedance yield Zog.senses=26.7Q which
can satisfy the input matching condition.

Inductors are short circuits in low frequencies,
Hence in low frequencies, the equivalent of three
terminating resistors of gate lines are sensed from input.
But in high frequencies the square root of L/C is sensed
from the first column of gate lines. The main idea of this
paper is to reduce the characteristic impedance of the
middle gate line from 80Q to 50 Q which yields larger
transistors in middle path. This increases the gain of 2D-
DA. A 50Q resistor is used for termination of middle
gate line. To have a reasonable input reflection loss in
low frequencies, a 115Q resistor is used for termination
of top and bottom gate lines. This leads to sense 26.7Q
impedance in the input of the structure for all
frequencies (Zog-senses=26.7€2). Hence, Equation (2) is
satisfied for all frequencies. The characteristic
impedance of each node in gate lines, Zy(x,y), is shown
in Figure 7. Zy4(x,y) has been obtained by:

Z, (x,y)=80-10x (y-1)xe*? 3)

In the proposed 2D-DA, gate lines are stimulated from
left. Therefore, gain cells in a vertical column are
stimulated in phase. Neglecting loss, all gain cells are
assumed to be stimulated with equal voltage amplitude.

Electrical funnel is made by appropriate variation in
inductors and sufficient design of gain cells. Each gain
cell is designed in such a way that it achieves the
desired capacitance from the output node.

The characteristic impedance in each unit cell of the
proposed electrical funnel is shown in Figure 4. These
values are achieved by Equation (4). In this equation, x
and y represent the row and column numbers of the
drain lattice and Z,(x,y) represents the value of JL/C in
each unit cell.

Z,(x,y)=300-83.33x (y.]_) e @

The right boundary of the middle path has been
designed for 50Q load.

=
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Figure 7. Characteristic impedances of gate lines

Termination resistances for the proposed structure and
reasonable bypass capacitances for a good low
frequency response are listed in Table 1.

In Figure 8 two current sources with equal column
number are shown. In the proposed structure, gate lines
are stimulated in phase. Therefore, these two sources are
in phase. If all paths have a constant delay time, due to
longer path between B and G nodes in comparison with
A and G nodes, signal A and B do not arrive
simultaneously to G and effective power combining
dose not occurr. As path B is /2 times longer than
path A, the delay time of node B can be designed equal
to 1/ /2 times shorter than the node A delay time. This
design method leads to wide band power combining.
The middle path has the longest delay time (T,). Hence,
it determines the lattice minimum cut off frequency (f....
offmin) @nd the total bandwidth. T4=10ps is considered
for the middle path of the proposed 2D-DA. Therefore,
feutoftmin=1/(nTg)=31.83GHz is achieved for this
structure.

The lattice delay times are designed by assuming in

phase stimulation in each column. Hence, for effective
power combining in middle path, the delay time of the
middle gate line is kept equal to the delay time of the
drain middle path. Also the delay time of the other two
gate lines should be kept equal to the delay time of the
drain middle path.
By planning the desired characteristic impedance and
delay time in each node, calculating the inductances
(Lg(x,y)) and capacitances (Cq(x,y)) of the lattice is
done by:

T(xy)
Z(x.y)

For gate lines the inductances, Lg(xy), and
capacitances, Cy(x,y), are calculated by:

Ca(x¥)= Lo (% y) =T (% y)xZs (% Y) (5)

C(0Y) = L, (% Y) =T, xZ, () 6)

Z,(xy)

TABLE 1. Termination resistances values

Reeft R, Raate1 Raatez C bypass

300 Q 300 Q 115Q 50Q 25 pF

ht Boundary

g

R

il
i2

Figure 8. Lattice delay time considerations
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The inductance and capacitance of each node (unit cell
of the lattice) is calculated by Equation (5) and the
desired lattice is achieved by inserting the equivalent
values of two series inductors between two adjacent
nodes. Figure 9 shows the proposed 2D-DA inductance
and capacitance values.

Each gain cell has been designed to have input and
output capacitances equal to the calculated values.
Figure 10 shows the structure of the gain cells. As
discussed in [14], due to input—output isolation, stability
and bandwidth considerations and gain cells are
implemented like Figure 10.

Drain Unit Cell Inductance (nH)

3 T - Row Number
Column Number

(2)

=

s
5

Drain Unit Cell Capacitance (pF)

Row Numhc; et
ow Numher o Column Number

Gate Unit Cell Inductance (nil)

Column Number

Gate Unit Cell Capacitance (pF)

.

Row Number

Column Number

(@)
Figure 9. Calculated values for the proposed DA

3000 Q |
AN J_ M2
2 pF
Voc gues T Li

A —{ M1

Figure 10. The schematic of gain cells

In this gain cell, L; is an inductor which is used to
enhance the bandwidth. Choosing an appropriate value
for L; is important to enhance the total bandwidth.
Figure 9 shows that the gain cells of the top and
bottom rows should have equal input capacitances and
equal output capacitances. It also shows that the input
and output capacitances of gain cells vary through
middle path. A 2pF capacitor is used to bypass the gates
of devices. Common gate stages are biased separately
through high-resistivity resistors according to stability
consideration.
All parameters of Gain cells (L;, transistors widths and
necessary DC bias values in accordance with Figure 6
and Figure 10) are tabulated in Table 2. These values
lead to equal trans-conductances for top and bottom
rows and different trans-conductances for middle path.
All trans-conductances of the proposed structure are
also listed in Table 2. The trans-conductance of each
gain cell in low frequencies can be calculated simply by
basic relations [23].

TABLE 2. Gain cells parameters and DC bias values

VDC_gate1:0-8 \%

Bias Conditions For Voc guez=1.38 V

All Gain Cells Voeamn=1.2 V
For All transistors in Length: 0.18 pm
this design Unit gate width: 2 um
M2 Fingers: 21
Gain Cells M1 Fingers: 19

[1-4] & [9-12] Li 390 pH
Om 14.45 mmho
M2 Fingers: 25

Gain Cell [5] e F'ES?S'HN
Om 14.58 mmho
M2 Fingers: 29

. M1 Fingers: 22

Gain Cell [6] L 750 pH
Om 17.1 mmho
M2 Fingers: 38

Gain Cell [7] '\ﬁl F'gggr;'H%
Om 21.19 mmho
M2 Fingers: 87

. M1 Fingers: 31

Gain Cell [8] L, 860 pH

Om 25.87 mmho
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4. GAIN CALCULATION

Figure 1(a) shows CDA with N gain cells. The gate and
the drain lines of the CDA are terminated in matched
impedance.

Assume that gate and drain lines are matched in phase
for effective power combining and have equal
propagation constant. By stimulating the gate line from
left boundary one can easily write the drain current of k-
th transistor:

gm IV| Lk EJ (7)

in which, v, is the amplitude of input voltage, gp, is the

trans-conductance of each transistor which is assumed
to be equal for all transistors and B is the phase shift per
section along the propagating path. Fifty percent of
drain currents flows to the load. Total output current is
derived by adding all output currents:
1d —ifnk+2)s N

Iout ZEkZ:;Id,ke [ ZJ =?gm\/in (8)
Hence voltage gain (Ay) and power gain (Gp) are
calculated by:

Voo lowZog N
A/ :V%t O\t/. :Egmzod (9)
2
Gp = Z°g A = 9nZoaZog (10)
od

in which Zy, and Zyy are characteristic impedances of
the gate and the drain lines, respectively.

In the proposed structure, input signal stimulates the
gate lines from the left boundary. By neglecting the
loss, one can easily write the drain current of Ik-th
transistor:

(ot
Lok = OniVin [ Z)ﬂ (11)
in which I and k represent the row and column numbers.
B is the phase shift per section along the wave
propagation path in the gate lines and the drain lattice.
In Equation (11), gmk iS the trans-conductance of the Ik-
th transistor.

In the proposed structure each incident current to
the drain lattice first senses two paths. One path is to the
left and the other is to the right. The current is divided
between these two paths inverse proportional to the
sensed resistances.

In Figure 8, the right travelling part of the drain
current is calculated by Cgvisions COefficient which is:

Rleﬂ / 3

C L Ay p——— 12
W R B RIR, 2 2

in which Ry=Z, g is the load impedance and Riet & R»
are terminating resistances (Figure 6). The right
travelling current is then divided again between right
boundary resistors. The load current part can be shown
by Clivision2 coefficient:

R,/2

cC,..._=—20=
division2 R2 /2+ R1 (13)

Hence the load current by stimulating Ik-th transistor, is
calculated by:

licag & = CoisionCatvision

—J[k—%jﬁe—i( (- P(v-kevaf Jp (14)

O Vil

in which (yf{M —1)/2-1+(N —+v2)? ) s represents the phase

shift from Ik-th node of the drain lattice to the load. M
and N are the numbers of rows and columns which are 3
and 4 in this design. By adding all drain currents, total
load current is achieved by:

Ioad C Cdivisionzv'
N 71( ,)ﬁ J[ ((M—l)/z—k)z+(N—I+1/2)Z]ﬂ (15)
zgm Ik

1=1 k=1

divisionl

and the power gain is calculated by:
1

" “load “Ioad‘
2

27

0g-sensed

= (CamtonComsinz)” ZiasZ (1e)

divisionl diViSIOHZ) load

iZN:gmw

1=1 k=1

0g-sensed

2
i)y f (-t )

Designing the drain lattice in such a way that all drain
currents can arrive in-phase, the power gain is
calculated by:

M
GP = dlwsmnl leISIOnZZ

1=1

2
gm ij load Og sensed (17)

=~

I MZ

1

5. SIMULATION RESULTS

For the proposed 2D-DA, in-phase additive gain
mechanism has been used. Hence, the gain can be
calculated by Equation (17). According to the designed
input impedance, M=3&N=4 and Table 2, one can
easily calculate the power gain Gp=15 which yields
[S,1|=11.76 dB. This value has been achieved by
neglecting the loss of inductors.

As discussed before, it is critical to determine
middle path delay time. This value determines the
lattice minimum cut off frequency and hence it affects



A. H. Mogheyse and H. Miar Naimi / IJE TRANSACTIONS C: Aspects Vol. 30, No. 6, (June 2017) 830-838 836

the total bandwidth. However, there is another limiting
factor in an optimized design. Taking limited self-
resonant frequency (SRF) of inductors into account, it
should be noted that in this wide bandwidth structure
and with today’s inductor implementation methods, we
are restricted to self-resonance property of inductors
instead of the total cutoff frequency.

The maximum value of inductors in the proposed
structure is 2.68nH. A 2.68nH inductor has been
simulated by ADS electromagnetic (EM) simulator with
TSMC 0.18 CMOS layout specifications. Simulation
shows that the SRF of inductors is a problem in the
proposed structure.

To solve the problem, some simulations in
schematic level are made. These simulations show that
if all inductors of the drain lattice are restricted to 1.5
nH, the bandwidth of the proposed circuit does not
change seriously and it just dictates a little reasonable
ripple in pass band. It is not desired but it helps to make
the circuit implementable. It is shown that the total
performance of the circuit covers this problem perfectly.

Other aspects of layout implementations are
discussed in [22]. Especially the effect of connections in
the sensed inductance between two nodes should be
considered.

The proposed circuit has been simulated by ADS
with TSMC 0.18 CMOS model. Using inductors with
Q=14 at 5 GHz degrades the gain.

Figure 11 shows the results of four simulations. The
proposed 2D-DA with the discussed change in the value
of inductances is the first simulation. The second one is
the simulation of the proposed 2D-DA with no change
in the values of inductances. As Figure 11 shows, just a
little ripple has been dictated to the passband.

According to the results of the first simulation, the
proposed circuit shows 11.1 dB gain. There is a good
agreement between calculated values and simulation
results. Simulation shows 23.6 GHz bandwidth which
yields 84.71 GHz gain bandwidth. The amplifier
consumes 41.18 mA from 1.2 V DC source which
yields 49.42 mw DC power consumption.

The other two simulations are done to show how the
proposed technique can improve the performance of
DAs. Simulation three is done with no change in the
characteristic impedance of the middle gate line. The
last one is the simulation of a CDA (one dimensional
conventional distributed amplifier) which uses the
largest transistors of the ones in Table 2 for all gain
cells. The CDA is constructed by 4 gain cells. These
conditions help to make the results of CDA and final
2D-DA comparable.

It is concluded from Figure 11 that the considered
techniques have improved the gain of the proposed 2D-
DA while acceptable input and output reflection losses
are also achieved (Figure 12). This has been achieved
by the appropriate design based on Equation (2) and
other discussed considerations.

Although |S12] is not perfect, the overall performance of
the proposed DA is good. This structure can be
cascaded with other ones or even with itself to cover
this problem while other aspects like gain, NF, S;3, Sy,
and OP1dB are constant or have a reasonable value.

Figure 13 shows the NF of the proposed 2D-DA.
The amplifier has a good NF which is between 3-5.2 dB
across the bandwidth.

Output power in one dB compression point (OP4g)
is shown in Figure 14. Maximum value of OPyqg is 7.1
dBm at 2GHz which is a good result.

Table 3 summarizes these work specifications
against previous works. Table 3 shows that the circuit
has FOM1=66 which is a comparable result against
other design methods in 0.18 CMOS technology.

e3¢ Simulation |
eeee- Simulation 2
==& Simulation 3
%% Simulation 4

Frequency (GHz)

Figure 11. Gain of the proposed 2D-DA, (simulation 1) and
three other DA’s
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$11,822 (dB)
8

&
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=
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10 15 20 25 30

Frequency (GHz)
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Figure 12. Scattering parameters of the proposed 2D-DA
(from Simulation 1)

Noise Figure (dB)
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Frequency (GHz)
Figure 13. NF of the proposed 2D-DA (from Simulation 1)
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OPy4p (dBm)
e

1 3 5 7 9 1113151719 21
Frequency (GHz)

Figure 14. OPyg of the proposed 2D-DA (with Simulation 1
conditions)

6. CONCLUSION

A new structure of 2D-DA was designed for wideband
amplification. In this circuit, power combining was
performed by electrical funnel. Appropriate values for
gate lines characteristic impedance was chosen
according to output power delivery, noise and gain
considerations. Gain relation for the proposed circuit
was reported and a delay time engineering method was
considered to achieve broad band amplifier design. Very
good agreement between simulations and relations were
realized. The proposed circuit was simulated by TSMC
0.18 COMS model in ADS.

TABLE 3. Performance summary and comparison with prior works

Results Gain BW GBW fr

Poc OP1g8 NF

From "' (4B) (GHz) (GHz) (GHz) (mw)  (dBm) (dB) FOML  FOMz  Ref
FAB OB 20 z0a 304 S . & SR 158 [14]
FAB ot 2 33 523 50 28 oo isoiw 51 219 [12]
sm o Ok 73 14 325 : 52 : 4361 - 062 [2]
FaB 0BT 27 53.9 : 68 : 6 - 079 [24]
FaB O08HT g5 32 9.5 - 7 - - - 1.34 [4]
FAB Oéll\i o 85 52 138 - 142 - - - 0.97 [25]
STTR AN CE O < 2N O LY S 352 66 L o

FOM1=1000x [

T

PDCFN,avg DC

This 2D-DA shows 78.3 GBW with 49.42 mw DC
power consumption. Noise figure was achieved from
3dB to 5.2dB and the maximum OP.4s was 7.1dBm.
The simulated 2D-DA shows a high FOM in 0.18
CMOS. Although the gain improvements were achieved
by changing the gate line characteristic impedance,
simulations show acceptable input and output reflection
losses.
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