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Motivation

o . 160 GHz Rx in SiGe HBT [2]
* Increasing interest in the 200-300 GHz:

Large available BW - High data rate

* Greater integration scales in SiGe/InP HBT
receivers than in 1lI-V HEMT technologies

* More competitive 200-300 GHz all-HBT Rx
with reduced HBT LNA noise figure

* |deal Case:
Hybrid Rx with HEMT LNA + HBT post-LNA

0.85mm
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* Four Au interconnect. A pmersions i |
* TFR (50Q/square). s | h
* MIM cap (0.3fF/um2). w] "
* fu=650GH?z. :_Z{
) __=3mA/um. N

* BV =4.5V. L . [
* MET4 = Signal, MET1 = GND o P

e Lossof MSL=1.1 dB/mm @ 200 GHz Rogeestas crs sncion o TEC2501C echactogy, Draving b ot ol
* Loss of inv-MSL = 2.5 dB/mm @ 200 GHz  (ross Section of TSC250 IC
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Noise Measure

g Mil=F F—-1 F-1 F-G™1 M F—-1
— = ee T — , - -
cascade + + G + G2 + 1—G-1 1—G-1
g i . . 2 o Minimum Noise Measure
es et s S rd N Impedance:
;": : A_valus | F_cascadel F_cascade_minl swobs_ soe(Do eI f!’ 6 76dB \\\ )
D - / £ Aeds \ 1. Draw a line between centers
©A / (6.16{18\ \ of NF and Ga Circles.
[ \
] | .
;- A, | 2. Calculate M for each point on
} this line.
= i \ l."l
ed X 9.1dB 7 3. Determine the point on the
| % 8.8dB line having the smallest M
X 8.5d87  -Ga
3 -NF
! Y o Data is for an (0.25 x 5 um”2) HBT in CB
~~l p configuration with 200 fF base capacitance

biased at VCB=0.4 V and JE=0.5 mA/um

@ I [14] H. Fukui, "Available Power Gain, Noise Figure, and Noise Measure of Two-Ports and
NsCircle

Their Graphical Representations," in IEEE Transactions on Circuit Theory, vol. 13, no. 2,
NsCircle pp. 137-142, June 1966.
NMCircles
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Determining Bias Condition

Feascapemmy @8 @ function of emitter
current density (J;) and collector-base

voltage (V) for a 0.25 um x 5 um HBT.

03/04/2022

10.0
o5-{ %

9.0—

Vcb=0.3V,0.4V,0.5V,

FCASCADE,MIN=6'7 dB

8.5—

8.0—

7.5~ :
-
7.0— P

6.5

Fcascade min, dB
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0.00 0.15 0.30 0.45 0.60 0.75 090 1.05 1.20 1.35 1.50

Jg mA/um
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F _cascade_dB_min vs Je(mA/um)

BS . .
: 51" % Base Capacitance in CB
. 1L _deg=0pH,5pH,10pH T I
g ]
L_deg 8 154 Emitter Inductance in CE
g~ -
B
os] [10] H. A. Haus and R. B. Adler, "Optimum Noise Performance of Linear Amplifiers,"
a5 oio 055 02 025 0% 035 040 045 050 0% in Proceedings of the IRE, vol. 46, no. 8, pp. 1517-1533, Aug. 1958.
1000°DC.lelLE
indep(m&)=18 m;epim?Fﬁ‘l mgep:ms]n:m |m§ap(m'fj=51 mgep(n\ﬂ]:m 'Iinr:g;p(mrjpm M H H H
Gﬁ:glg;:ﬂ.ﬁg? {155,759 E:irsiel-l_;:;r:céess;g.ﬂ?{?ﬂ.ﬂﬂﬂ GAci_rCIe$=0 497 7 160.929 Noifs_e_cir_cle?FL'rJSS.' 75834 Gﬁcgfggiﬂ.ﬂﬁf 166833 iNG}S&_c-l:::é?"J—'D.‘lﬂd 167735 M I n I m u m M IS I n d e pe n d e nt
i%-r!Eada'n:e = Z0° (0263 +j0.201) iEP-ag«ian-:e =70* (0987 +j0.434) ?n?.g_ﬁsaice = Z0 * (0.345 + j0.148)| ﬁpéﬁaﬂf{ge %% * (1.029 +j0.320 ignc:’ql.)r:@rdént.e =270 * (0407 + j0.096) ,irnl'u?p:agaL:'ul;?c9=Zﬂ * {1.061 + 0206 . . . . .
= e e gy of circuit configuration;
/ Pick for high bandwidth or
il 2. high gain/stage (=low Pp)
i 758 |
| / Data is for an (0.25 x 3 um”2) HBT in
¥4 “ CE configuration biased at VCB=0.4 V
N o b} g o and JE=0.5 mA/pm
~__ L_deg=0pH ~._ L_deg=5pH :
cir_pts (0,000 to 51.000) cir_pts (0,000 to 51.000) cir_pts (0.000 to 51.000)
indap{gama_S) (0.000 to 20 000) indep(gama_S) (0.000 o 29 000) indepigama,_S) (0,000 to 28.000)
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Input/Output Matching Matching

-1 P B I .
F —_ 1 F —_ 1 F —_ G Yopr_G[+~]Bf YOPJ—KG.,-F]KB[—l/(SOQ)ﬂKB‘,
Feascade = F & G + G2 o= 1—G-1 Ly w1 KL; ki,
Q Q
g —> £
2 C, 2 KC,
-1 c e
— — (=) &
F output_match 1 F G b 7 ) _
F — F. + F, + oo —m No series tuning element !
cascade input_match t G 1— G-1
t —
............... —5
mio . . . - . . - . . . e - freq=210.0GHz
freq=210.0GHz S[L_ind,Vcb_ind,le_ind,(freq_ind-1):(freq_ind+1))(2,2)=0.555 / -49.449
S[L ind,Vch_ind,le”ind,(ffeq ind-1J:(freq ind+1)](2,2)=0.813 /44,626 impedance = Z0 * (1.180 - j1.438)
impedance = Z0-* (0.313-24023 . . . . . . . . . o o] . — —
m&ep['mﬂ']_1 s P:geb mree1 oo indep(m8)=18 indep(m7)=51
GAcicles=0435/ 77.155 ~ |INoise cirdes=00g1 /75744~ |~ - g;?gﬁ!ggg"mf 148.302 Eﬁﬁ;ﬁ;ﬂﬁ;@zzw -41.455
in=8978 . . . . . . . ne figure=6.280 . . . . . L. B _ N . . it . .
?nipedance =Z0* (0.813 - j0.854) imp?dance =Z0* (1.029 +]0.183) impedance = Z0 * (0.340 +j0.253)|[impedance = Z0 * (1.329 - j0413)
/'//HF_hHK\'\\
e T e
0.25 x5 pm~2 // \\
/. N,

0.25 x 3 um~2

gama_S
GAcircles
Noise_circles

VCB=0.4V
JE=0.5 mA/um

e b e

VCB=0.4V
JE=0.5 mA/um

cir_pts (0.000 to 51.000)

indep(gama_8S) (0.000 to 29.000)
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Cascading

o m3

freq-210 0GHz = - - - - . . oL freq-21DOGHz E Coo e freq-21OOGH . .

S[(freq_ind-1):(freq_ind+1)](2,2)= 0032 /173.825 Sl(freq_ind-1): (“e‘l-'“d*”](z 2) oost/-te08a1 S[(freq_ind-1): (freq_lnd+1)](2 2) 0025 /-163025|

impedance = Z0 * (0939 + j0. DDS') """"" impedance = Z0 * (0.944 - 19) . impedance = Z0 * (0954 - 14)

m2 m1 ' m2 © [mz ’

indep(m2)=51 - -|lindep{m1)=51 - - - - - - - BRED(T‘“;-’)'O 3537124, 159 o Kl‘deﬂ'(mﬂlm 0. 062,’ 65 682 . indep(m2)=5 - |ndep(m1)'51 e

GAcircles=0.457 / 147. 992 Noise_circles=0.205 / -33.814 circles= . .|[MNoise_circles= - - . |GAgircles=0. 279 1127 394 . .|[Noise_circles=0. 021 I 50 831 R A d m t .
lgain=4.305 " |hsfigure=s.045 : [gain=7.700 ns figure=6.395 lgain=11.083 ns figure=6.839 S We Ca Sca e O re S a ge S .
impedance =Z0* (0 399 +j0.244) \mpedance Z0* {1 366 - j0.325)] - impedance =Z0* (0.576 + j0.384)|impedance = Z0 *(1.045 - j0.118)| - - [impedance =Z0* (0.651 + j0.313)||impedance = Z0 *-(1.006- j0.042)| -

1. NF,,, converges to

F CASCADE

- Noise_circles - - -~ - - - -
- Noise_circles - - - - - - -

”’ué I E"’ui% 8 o . .

1 | —t e 2. Minimum NF impedance

' \\ = N converges to Minimum
NG NM impedance

P P> D>

1 stage, CE

2 stage, CE 3 stage, CE
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United in Microwaves

CB and CE Low Noise Amplifiers

Gain 14.5 dB Gain 13 dB
BW 33 GHz BW 60 GHz
NF 7.4 dB NF 7.2 dB
P1dgin -21.1 dBm P1dsn -18.2 dBm
Poc 9.2 mW Poc 19.22 mW
Die Area 290umx245um Die Area 290umx465um
Jemitter 0.6mA/um Jemitter 1.0mA/um
Vep 0.4v Vg, 0.56V
7= tuning cap )
-l series tuning 5202/0.222 our
4 shunttuning Veo
i 76.8fF -F bias line
Vee 1000 75£/0.063% : Lo 15Q ) 76 8fF Stage 4, 3um
= “T" Bypass cap Vee Stage 3, 3um
x 1560 & 00 750/0.123 A 0. 25umx3um "
ouT LNA 70001222 8 Stage 2, 3um
VBB 5000 5002/0.1967
0.25umx5um Stage 2, 5um T15Bﬂ: Stage 1, 3um
o T ‘ 156¢F A Emitter Length
VC\(/: Stage 1, 5um T Tw IN
500/0.24 % BB Emitter Length
IN
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Measurement Results: S-parameters

22

11

21

IS, I.I1S,.I.1S,,| dB

20 i 1 1 1
10
0]
10
'20_: - - Simulation |
1(a) Measurement [
-30 I 1 I I I T I 1 1 1
180 200 220 240 260 280
Freq GHz

22

11

21

IS, ILI1S I, 1S,| dB

i< EXCEL LONDON
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* WR-03 frequency extenders and probes, SOLT calibration
* 5 % frequency down-shift
* Good agreement between peak simulated and measured gain

03/04/2022
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20 i 1 1 1
10
0 -
10
-20 7 1S22] % < J/ - - Simulation
] (b) oL —— Measurement [
_30 1 1 I I T I 1 I ] T 1 I 1 1 1
160 180 200 220 240 260 280
Freq GHz
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Setup: Noise Measurement

Signal Generator
N5183B

» X3

/

32.66-35GHz

Noise Source

LNA

Y

200MHz

WR5.1NS

196-210GHz

03/04/2022

"\

GGB probes

Mixer

WR4.3SHM

\\

J| [F Amplifier

ZX60-3018G+

A A

Spectrum Analyzer
N9030B

EuMIC09-1 High Performance LNAs

n il

* Hot/Cold Y-parameter method (VDI-WR5.1NS noise source)
* The probe loss (2.0 dB @ 200 GHz) and is deembedded from NF
e ~20 dB BB LNA used to reduce noise contribution from SA

-----

-----

12
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10 B

NF dB
'
'
I
1
I
1
1
1
1
[
\
1
[
1
1
1
[
'
'
\
1
'
'
'
\
1
1
'
\
\
1

- = = = Simulation

(a) Measurement
0 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

180 190 200 210 220 230 240 250 260
Freq GHz

 CB: 7.4+0.7 dB noise figure
over 196-216 GHz

1 5 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1

10

NF dB
'
I
I
I
I
'
I
I
'
1
I
1
1
I
1
1
1
'
1
1
'
1
\
'
\
'
1
\
\
'
\
\
\
\
'
'

5 — L
] - = = = Simulation I
| (b) —— Measurement i
O T 1 1 I T 1 1 I 1 T 1 I 1 T T | 1 ] 1
160 180 200 220 240 260

Freq GHz

* CE: 7.2%£0.4 dB noise figure
over 196-216 GHz



Harmonic
Mixer

Spectrum Analyzer X

N9030B Waveguide
Signal Generator / ~8dB

N5183B _"/ X8 7 . Attenuation [ | M4

200-210GHz  20dB coupler
(a)

25-26.25GHz

Harmonic
Mixer

Spectrum Analyzer .
N9030B Waveguide GGB probes

Signal Generator / ~8dB A
N5183B /’ X8 7 —L» ] Attenuation [/ 7M*
LNA
25.26 25GHz 200-210GHz  20dB coupler
(b)

* Simultaneous input and output power measurement
* Accurate gain measurement even at low input power
* All measurements are done without lifting the probes

[13] A. S. H. Ahmed, U. Soylu, M. Seo, M. Urteaga, J. F. Buckwalter and M. J. W. Rodwell., "
A 190-210GHz Power Amplifier with 17.7-18.5dBm Output Power and 6.9-8.5% PAE.," in
press, Proc. IMS2021.
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Measurement Results: Power

16]200GHz e 0 16]200GHz e 3 0
—~ : e - -5 . 17 e - -5
m 127 Gan i o U m 12 r .o
o ] -10 & 2 ] -10 =
c g & £ 8 S
S ] ;--15 3 R : ;--15 3
4] - - Simulation :-'20 4] - - Simulation :—'20
1CB ____Measured 1CE ____Measured
0 "I"'I"'I"'I"'I"'I"'I"'I-25 0 "|"'|"'|"'|"'|"'|"'|"'|'25
-32 -28 -24 -20 -16 -12 -8 -4 -32 -28 -24 -20 -16 -12 -8 4
P_(dBm) P_(dBm)
* CB:-21.1 dBm Pin1dB @ 200 GHz e CE:-18.2 dBm Pin1dB @ 200 GHz
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Receiver with Staggered Tuned CB LNA

200 e conrenionRX * LNA: Normal microstrip for lowest NF

* Mixer, LO multiplier, phase shifter:
Inverted microstrip for low-
inductance ground

» 3-stage staggered tuned CB LNA to

: LO multioli RX I-Q mixer : . . .
 chan increase 3 dB modulation bandwidth
25 GHz Phase .
Shifter Of the recelver
7
Inverted microstrip Q Normal microstrip [14] M. Seo, A. S. H. Ahmed, U. Soylu, A. Farid, Y. Na and M. Rodwell, "A 200 GHz InP

HBT Direct-Conversion LO-Phase-Shifted Transmitter/Receiver with 15 dBm Output
Power," 2021 IEEE MTT-S International Microwave Symposium (IMS), 2021.

03/04/2022 EuMIC09-1 High Performance LNAs 16
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Measured Rx NF and Conversion Gain

Hot/Cold noise source »| RX-IC |—{ BB LNA » SA Conversion Gain @ fixed f,,
VDI-WR5.1-NS = 30 ' —— — |
12 ] 1 1 1 | 1 | 1 | 1 | . E 25 _ B
=11 3 Noise Figure - = '
m ] F S on i
210 4\ 3 o 20 7
- —: :
5 99 N N__—' 2 S 15 1 -
D o] RS = S : o
o 83 ] 2 10 - -
& 73 - s |
‘o ] o 1 —e— Meas. LO @ 207 GHz B
2 69 o jeas. 3 O 9571 ... Sim. LO @ 207 GHz _
5-;——Sim. - é0-|-|-|-.-.-.-
4+—7—T——F——T7—+ 185 190 195 200 205 210 215 220
190 195 200 205 210 215 220 RF Frequency (GHz)
RF Frequency (GHz)
* Peak conversion gain =22 dB
5 um device 6.7 dB
1-stage LNA 7.5dB
NF of Rx 8.5-8.8 dB
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Performance Comparison

Table 1. Comparisonofrecently published>150 GHz lownoise amplifiers

Ref. Technology Topology Freq (GHz) Gain (dB) Gatr(;/lsat)age NF (dB) Ppc (mW)
2 250 nm SiGe HBT Cascode, diff. 156 26 8.7 8.5 -
[
mode
3] 50 nm mHEMT CS 178-185 24.5 4.9 3.5 24
[4] 50 nm mHEMT CS 206 16 4.0 4.8 _
[5] 32 nm CMOS CS 200-220 10-18 1.4-2.6 11 44.5
[6] 130 nm Sige HBT Cascrggge diff. 220 18 6 16 151.2
(8] 250 nm InP HBT CE 265 24 4.8 10 81.7
9] 250 nm InP HBT Cascode 288 8.4 8.4 I 1%}22300 i
vg‘;‘i{ 250 nm InP HBT CE 200 13 3.25 7.2 19.22
CB 200 14.5 7.25 74 9.2

* This work shows record Noise Figure in HBT technology.
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Setup: Noise Measurement (Pictures)
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Recelver Testing Setup

Freqg. Multiplier 20 dB coupler Var. attenuator 20 dB coupler
Z BB out

\ 4

7

Spectrum analyzer [«——

~—f[ =8 | % —~ Power meter
4 LOin
®— -

Spectrum analyzer

Lo O— 200 GHz

RXIC

* 140-220 GHz (WR5) on-wafer testing
e Simultaneous freq. & power testing

* RX driven by multiplier & variable
attenuator
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Measured Rx Power and Conversion Gain

Pou: VS Py, @ f,5=206 GHz (fy;=1 GHz)

BB Output Power (dBm)

—+— Meas. RF @ 206 GHz
----- Sim. RF @ 206 GHz

50  -40  -30

20 10

RF Input Power (dBm)

* Input P, 45 =-24 dBm

* P, =+1dBm
* Pye = 825 MW

0

Conversion Gain @ fixed f,

_ 30 e

m

2254 0 aeetTTTTTTTTTTE-- i
= '

% 20- ///\\/\W I
c "'

S 15 .- i
&

Q10 - i
g —eo— Meas. BB @ 1 GHz

;; 5-_ ----- Sim. BB @ 1 GHz i
x 0

185 190 195 200 205 210 215
RF Frequency (GHz)

* Peak conversion gain = 22 dB
e LO multiplier tuning bandwidth > 25 GHz



Noise: HBT vs HEMT

Nke R
+3 =
m—— {hermal noise
— SOt NOiSE
R, =Gt g Exea R
o D
E
N.Rg Iy, @ “~
Ri‘
+ Vw Rm
T I\
C, g, V;‘.e'f"
FET
R\‘
Ey By courtesy of Prof. Mark Rodwell
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CB and CE Low Noise Amplifiers

Vee

¥
1

03/04/2022

100Q 75¢

1000
1561F 4

5000

2/0.063%

500Q/0.24

210GHz, Simulated CB, 5um, 2 stage

Gain 13.6 dB

BW 33 GHz

NF 7.4 dB
PldB,in -29.7 dBm

Ppc 9 mW

Die Area 290umx245um

([ 0.6mA/um

Ve 0.4V

7= tuning cap )
- series tuning 520/0.22
4 shunttuning

i 76 8fF -F bias line 150

1 - 0¢

“T" Bypass cap
7502/0.123% LNA 0. 25umx3um
ouT A
500/0.196
0.25umx5um Stage 2, 5um
156fF 500Q
Vee Stage 1, 5um T T
VBB . %
Emitter Length
IN
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United in Microwaves

200GHz, Simulated CE, 5um, 4 stage

Gain 13.2 dB
BW 60 GHz
NF 8 dB
P1dg,in -16.8 dBm
Poc 19.2 mW
Die Area 290umx465um
oo 1.0mA/um
Vg 0.56V
ouT
Vee
Stage 4, 3um
76 BfF v B g
cc Stage 3, 3um
70Q/0.123% o e¥ | Stage 2, 3um
Stage 1, 3um

T 156fF

Emitter Length
IN
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