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Design of a 32.7-GHz Bandwidth AGC
Amplifier IC with Wide Dynamic
Range Implemented in SiGe HBT

Kenichi Ohhata, Toru Masuda, Eiji Ohue, and Katsuyoshi Washio

Abstract—A wide-bandwidth automatic gain control (AGC) B E c
amplifier IC was developed using a self-aligned selective-epitaxial
SiGe heterojunction bipolar transistor (HBT). A transimpedance
load circuit was used, and its damping factor was optimized
to achieve a wide bandwidth of 32.7 GHz. Capacitor peaking
was introduced to the second variable-gain amplifier in order to

obtain a wide gain dynamic range of 19 dB. The amplifier IC has .
a noise figure of 18 dB and an eye pattern at 25 Gb/s. BPSG SiGe base
Index Terms—Automatic gain control (AGC) amplifier, opti- r::l:: n* buried layer
cal transmission system, SiGe heterojunction bipolar transistor
(HBT). ¢ ) P substrate ¢
L1 Fig. 1. Schematic cross section of a selective-epitaxial SiGe HBT with SMI
. INTRODUCTION electrodes.

HE recent popularity of the Internet and multimedia

communications has greatly increased the demand forp develop an AGC amplifier for a 40-Gb/s optical trans-

[ngh—speed Sommtjnllgat(lgg} systemst.) Opt'%al tr?nsrrgs?lonl SH¥ission system, not only high-performance devices but also
ems operating a s have been developed for far ropriate circuit designs are required in order to extract

capacity networks to meet this demand, and a transmlsst device’'s maximum performance. Peaking techniques are

system as fast as 40 Gb/s is just now being developed. Sev%crfdecially essential to achieve a wide bandwidth. However,
component IC's for a 40-Gb/s system have been report aking should be carefully controlled because excessive

which use various high-speed devices such as Si bipolar tran-., : .
sistors [1], heterojunction bipolar transistors (HBT's) based g%:tjkl;?ngg ?r? g\]/\rlz(\j/z?ortrr:nedfilsat?r(taizi in the group delay response,

ﬁ_iGhe [IZ]_t[S] and ll)r_lll_:t’/lr;GaA_st[G], G:éxl\sﬂ_llylEngTS’;G[ﬂ,HaBnT In this paper, we propose design aspects that optimize
igh electron mobility transistors ( s) [8]. SiGe the peaking control of the variable-gain amplifier stage and

is one of the most promising of these devices because its'l%ow that this technique allows both a wide bandwidth and

inexpensive and highly reliable. . . :
) ) . a wide dynamic range. Experimental results that prove the
Automatic gain control (AGC) amplifier IC’s are key com- WI y : g xpert u prov

. : : e ; [ f i I h )
ponents in optical-fiber transmission systems. Both wide bane(]‘_fecnveness of our design are also shown
width and wide dynamic range are indispensable for an AGC
amplifier IC. A packaged AGC amplifier with a bandwidth Il. SiGe HBT TECHNOLOGY
of 26 GHz and a dynamic range of 6 dB, developed using g 1 shows a schematic cross section of a self-aligned
AlGaAs/GaAs HBT's with a cutoff frequency of 76 GHz, hagg|ative-epitaxial SiGe HBT with self-aligned stacked

been reported [9]; however, both its bandwidth and dynamigeain situ doped poly-Si (SMI) electrodes. A 0.54n-wide
range were insufficient for the 40-Gb/s system. In general, t@‘?Ge-base and Si-cap multilayer, self-aligned to a Qui-
minimum bandwidth needed in a bit rafe is about 3/%, . iqe emitter, was selectively grown by using a ultrahigh
_[10]; therefore, a bandwidth of more than 30 GHz_ is required, . ,um (UHV)/chemical vapor deposition (CVD) system.
in a 40-Gb/s system. We recently reported on a Si-based AG,\rﬁis self-aligned structure is very effective for reducing

amplifier having a wide bandwidth of 32.7 GHz and a dynamiG,|ector capacitance. To obtain high-speed characteristics, we
range of 19 dB [3], which uses self-aligned selective-epitaxigkaq 5 20-nm-thick & 10'° cm—3 boron-doped selective-

SiGe HBT's [2]. epitaxial Sj_,Ge, layer with a 10-nm-thick two-step-ramped
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K. Ohhata is with Hitachi Device Engineering Co., Ltd., Tokyo 185-860Dver 5 nm) to form the intrinsic base, which was as shallow
Japan (e-mail: k-ohhata@crl.hitachi.co.jp). , as 30 nm. A low thermal cycle process also resulted in
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Fig. 2. Schematic of an AGC amplifier core: (a) block diagram and (b)

(b)

variable-gain stage (Al and A2).

film was selectively stacked, in a self-aligned manner,
in situ boron-doped poly-Si (IBDP) as the base electrod§mp|iﬁer andr
and onin situ phosphorous-doped poly-Si
emitter and collector electrodes. Moreover, gurB-wide
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circuit stage is 8, 8, and 9 dB, respectively. Six dB is lost at the
impedance-matching resistor in the output buffer, and another
6 dB is lost because of the single-ended output mode. The input
and output buffers each contain two-stage emitter followers.
The variable-gain stages consist of a Gilbert multiplier, whose
load circuit is composed of a transimpedance circuit [11]-[13].
The transimpedance circuit is used because its low input
impedance suppresses the Miller effect of te—(}io in
the second variable-gain stage and because the bandwidth
can be improved by peaking since the transfer function of
transimpedance circuit can have two complex conjugate poles.
The signal is applied to the lower transistor paip;(and
(22), and the gain-control signal’cnt1) is input to the upper
transistor pairs @3—Q) in the first gain-control stage. The
connections of the signal and gain-control sigriat#{¢2) are
exchanged in the second gain-control stage because the two
gain-control stages (Al and A2) have opposite frequency-
response dependencies on the gain, so the gain dependence of
the frequency response can be compensated by optimizing the
peaking capacitano€p in the second gain-control stage [12].
In this circuit, the keys to achieving both a wide bandwidth
and a wide dynamic range are the design of the transimpedance
circuit, which is used as a load circuit of the Gilbert multiplier,
and the peaking capacitan¢es.

The transimpedance circuit is composed of a common
emitter amplifier .4 and Rp) and a feedback circuit(fr
and Rp). The transimpedance gai@; of this circuit is
approximately expressed as

—Rp
Zr = 2K 52
I+ (= )+

Wo )

_ lavol
Wo ~ 3
Ry (Cr + Cur)

1 R
K=~-= F
2V rplavo]

(1)

QPhere a,o is an open-loop gain of the common emitter

= v, Cr, andCy, are the input resistance, base

(IPDP) as thgagistance, sum of diffusion capacitance and base-emitter junc-

tion capacitance, and Miller capacitance®f;, respectively.

borophosphosilicate-glass-refilled trench was introduced 9o gerivation of this equation is given in AppendixA. is
reduce the substrate capacitance.

The transistor characteristics are listed in Tablel. T
transistors with an emitter area of 0.%41.5 ym? had a cutoff

a damping factor, and th&; peaks whenk < 1/v/2. The

NSandwidth of the transimpedance circuit is dominatedogy

Thus,ry,, Cx, andC}; should be made small to obtain a wide

frequency of 92 GHz and a maximum oscillation frequency @fanqwidth. The large emitter size of transistds reduces the
108 GHz. The low collector capacitance of 3.6 fF is attrlbuteg). however, this makes the,, large. Therefore, the emitter
to the fully self-aligned SiGe base structure, while the 10Wj;¢ of fransistor) 4 should be optimized carefully. Moreover,
supstrate capacitance of 0.6 _fF is attributed to th_e Wldez-SlOa largea, also allows a wide bandwidth: however, this makes
refilled trench. The base resistance of Z20s attributed to K small, resulting in a large peak in the frequency response.

the stacked tungsten/I

BDP base electrode.

lll. CIRcUIT DESIGN

A schematic of the AGC amplifier core is shown in Fig. 2effect; however, this improvement is small, and the peak height
The AGC amplifier is composed of an input buffer, twdancreases rapidly wheK becomes less than 0.4. Fig. 4 shows
variable-gain stages (Al and A2), a constant-gain stage (A8)e calculated 40-Gb/s eye pattern of the transimpedance
and an output buffer. The differential gain of each amplifiarircuit when K is 0.5 and 0.25. HereK is changed by

The relationship between the bandwidthg{y), peak
height, andk is calculated by using (1) and is shown in Fig. 3.
The bandwidth improves a& decreases due to the peaking
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Fig. 6. Current gain and normalized bandwidtix ¢swi) dependence on
K=0.5 | the normalized current.

The current gain; of the gain-control circuit @s—Qg in
. N . . Fig. 2) is expressed as
20 ps/div.

Gio
(1 +s7p)(1 + sarp)

GiO — Im3 — Im4
- gm3 + gm4
LN LN AN 2msg
7 N NV N\ N\ = ZIm3Imi (2)
! : t 20 ps/div. 9m3 + 9m4
(b) whereg,,3 and g,,4 are the transconductances is the base
Fig. 4. Relationship between eye pattern and damping fadtor (a) transit time, and, is the base resistance of transist@rsand
K = 0.5 and (b) K = 0.25. Q4. The bandwidth ofG; is expressed as

the open-loop gaimz,o. The eye pattern is calculated by 1 [/A+a?) 440 —(1+a?) 3
transforming the input waveform to the frequency domain  “ZW& = 7 202 )

by Fourier transform. Then the output frequency response of

the transimpedance circuit is calculated by multiplying th€he derivation of these equations is given in Appendix II.
input waveform spectrum and th&(s). Last, the output Fig. 6 §hows the gain and bandwidth dependenf:e on the
waveform is obtained by the inverse Fourier transform. Rormalized collector current ofs (Ics). The dc gainGio
clear eye opening is achieved wh&h = 0.5. Large ringing ncreases linearly adcs increases and becomes zero at
and jitter arise as a result of the large peak and fluctuation4eiz = {c1 = Ic1/2; then the bandwidth also has a minimum

the group delay whed( = 0.25. These results suggest tha¥@/Ue. This is because has a maximum value wheg,s =
K should be controlled to be 0.4—0.5. 9ma4. Thus, the bandwidth of the first variable-gain amplifier

The damping factors can be controlled by an open-loopd€creases as the gain decreases. To compensate the bandwidth

gain a,o. The circuit simulator should be used to precise|9ependence on the gain in the first variable-gain amplifier, the

control the damping factor. To obtain accurate results, tRE2king capacitot’s is introduced in the second variable-gain

delay element concered with the feedback loop (the e¥MPlifier. The transconductance gafi andGr) of the two

cess phase of,; of Q4 and Qp, interconnection delay amplifiers g and Agr in Fig. 2) is expressed as

in the transimpedance stage, etc.) should be carefully esti- Gro

mated. Fig. 5 shows the bandwidth and the peak height in the Gp=——"5-

frequency-response dependence on the open-loop gain of the 1- PLo

transimpedance circuit. These results are obtained by circuit oL

simulation. A large open-loop gain lowers, resulting in a Gro =11 o Rop

wider bandwidth; however, the peak height also increases. JmLAEL

Considering the tradeoff between the bandwidth and the peak Pro= — 1+ g BEL 4)

height, we chose an open-loop gain of 12. TbLCxL
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Fig. 9. AGC amplifier chip photomicrograph.

—GR0<1— i )
G = ZRO

minimum value of 15% at 40 GHz whenCp is 30 fF. This

N 2K, 2
1—|—s< G)—i-s—

improves the bandwidth of the total gain from 30 to 70 GHz.

Woa Wi Thereby, these two amplifiersig;, and Agr) do not limit
G — JmR the bandwidth of the whole AGC amplifier.
RO = 1+ gurRER Fig. 8 shows the simulated bandwidth and peak height
1 dependence on &p. It is shown that a larg&€’» improves
ZRO = — RenCh the bandwidth in the small gain range. The bandwidth from
' —8 to 14 dB is almost constant wherp is 60 fF; however,
14+ gmrLfER the peak height in the frequency response becomes 3 dB. A
woe = \/2rbR RerCrrCp Cp of 30 fF was chosen to suppress the excessive peaking.
9 RerCp + 10rCo e A metal-insulator-metal (MIM) capacitor was used for the
Kg i (5) peaking capacitors to reduce the parasitic resistance. A 75-

2y/2r RerCrrCp(1 + gr Rer) nm-thick TEOS film, deposited by plasma CVD, was used as

an insulator, and 0.5 fkMm? was obtained.

whereg,..1,(r), "bL(R), aNdCr(r) are transconductance, base
resistance, and the sum of diffusion capacitance and base-
emitter junction capacitance @@; and (Js, (@9 and Q1o).
The derivation of these equations is given in Appendix Ill.  Fig. 9 shows a photomicrograph of the fabricated AGC

Fig. 7 shows the normalized gain and phaseGyf and amplifier core. The circuit elements composing the amplifier
Gr calculated by using (4) and (5), wheig: (Q11) = 1.8 core were arranged symmetrically to minimize the offset. MIM
and Ic (Q12) = 1.2 mA. A peak is generated in the gainshunt capacitors of 72 pF, which were connected between a
of Gr due to the zero, concerning the peaking capacitorsupply voltageVer and the ground, were located above and
Cp. At first sight, the bandwidth of total gain&(, + Gr) below the amplifier core. The power dissipation was 725 mW
seems to decrease due to this peak bec@skas an opposite at Vi of —7.5 V on a chip with a size of 0.9% 1.08 mn¥.
phase to;, due to the inverted input signal, so the peak ofhe gain, noise figure, and output eye pattern were measured
Gr decreases the total gain at high frequency. However, thsing an on-wafer radio-frequency probe.
bandwidth increases as shown in Fig. 7(a) when ¢he is The measured gain versus frequency characteristics are
introduced. This is because the phaseiqf is not opposite shown in Fig. 10. A bandwidth of 32.7 GHz was achieved
to G by the influence ok,, as shown in the Fig. 7(b). Theat a maximum gain of 13 dB, and it was 31.6 GHz at the
phase difference betweefiy and GG, decreases and has aminimum gain of—6 dB. The input voltage range was 90-800

IV. EXPERIMENTAL RESULTS
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mV,,. Small fluctuation in the bandwidth was attributed to (c)
careful optimization of the peaking capacitor. The measureg) 12 single-ended operational waveforms: (a) output waveform at 20
peak height was larger than the simulation value, as showndts, (b) input waveform at 25 Gb/s, and (c) output waveform at 25 Gb/s.
Fig. 8. This is because the base resistance was larger than the
design value, resulting in a smak.
Fig. 11 shows the noise figure (NF) versus frequency char-
acteristics. The noise power of the AGC amplifier is very
small; therefore, the output noise was amplified by a low-
noise, wide-bandwidth amplifier (HP83051A), and the noise
power was measured by a spectrum analyzer (HP8565E). The
noise power of the low-noise, wide-bandwidth amplifier was
subtracted from the measured noise power. An NF of about
18 dB below 30 GHz was achieved, and in the range above
30 GHz the NF rapidly increased because the gain decreased
quickly beyond the bandwidth. The average NF up to the
bandwidth was 18 dB.
Fig. 12 shows the output eye pattern at 20 and 25 Gb/s.
A 12.5-Gb/s pulse-pattern generator and a 2:1 multiplexer
were used to generate an input pulse 8f-21 pseudorandom Isic
bitstream. The eye patterns were measured in single end. The
voltage swing of the input pulse was 90 gy and the gain
was set to the maximum gain. A well-opened eye pattern was

obtained at 20 Gb/s [Fig. 12(a)]; however, the eye pattern at 1
25 Gb/s [Fig. 12(c)] was not good enough. This is because Ry
the output waveform of the 2: 1 multiplexer (the specification (b)
of maximum operating rate was 20 Gb/s) was not good, Bi§. 13. Schematic of transimpedance: (a) load circuit and (b) its equivalent
shown in Fig. 12(b). circuit.
V. CONCLUSION figure of 18 dB, and an eye pattern at 25 Gb/s were also
A wide-bandwidth AGC amplifier IC was developed usinﬁ‘Ch'eved'

a high-performance SiGe HBT and a circuit design with
peaking technique. A transimpedance load circuit was used, APPENDIX |

and its damping factor was optimized to achieve a wide DERIVATION OF (1)

bandwidth of 32.7 GHz. Capacitor peaking was introduced Fig. 13 shows the schematic of the transimpedance load
to the second variable-gain amplifier in order to obtain loweircuit and its equivalent circuit. The common emitter amplifier
bandwidth variation. A gain dynamic range of 19 dB, a noisd is composed of) 1, Q, andR;,. The following equations
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are obtained from the equivalent circuit:

TZ load
P
iSIG = 7 + Re 1 Z, A
Ry
Vo =V; — m(vz — a,,ﬂ)i)

where Z; and Z, are the input and output impedance 4f,
respectively, andz, is the voltage gain ofdy. The output
impedance ofdr is much smaller thaiz because an emitter
follower is used as an output buffer. Approximatifig < Rp,
the transimpedancgr is obtained from (A.1) as

Vo Ay Z 7 RF

Ip=—-n —
" isic Rp+ Zi(1—ay)

(A.2)

Z; and a,, are obtained by using Miller capacitance approx-
imation

Tr

Zi ~
(8) 1 + 37’77(077 + C]\l)

(A.3)

a0
(A.4) Fig. 14. Schematic of variable: (a) gain amplifier and equivalent circuit of
(1+sRLCL)(1 + s1(Cr + Cur)) the (b) gain-control circuit.

ay(s)
wherer,., r,, Cr, andCj, are the input resistance, base resis-
tance, sum of diffusion capacitance and base-emitter junction
capacitance, and Miller capacitance ®@f;, respectively.a,o
is an open-loop gain, and;, is the parasitic capacitance at
the collector ofQ 4 that contains the output load seeing from Fig. 14 shows the schematic of a variable-gain amplifier
the base ofYr. Here, the bandwidth of the emitter followerand an equivalent circuit of the gain-control circui@y and
(Qr) is much wider than the common emitter amplifi€r{ (4)- The following equations are obtained from the equivalent
and Ry); thus, a pole concerning with the emitter followegircuit:
is neglected. The time constant at the collect&,Cy) is

APPENDIX Il
DERIVATION OF (2)

smaller than the time constant at the bdsgC,. + Cy)); Vbe3 | Vhed
thus, (A.4) is reduced to Voesms + Veeagma - n ST =0
o Vpe3 V; (A 7)
v0 =
ay(s) = . (A.5) Zpz Ty + Zn3 '
1+ 37’1)(077 + CM) Vped v;
Rearranging (A.2) by substituting (A.3) and (A.5) into it, the Frd Th o Zmd

transimpedance is obtained as
where z, is 7 //Cx.

_GwornBlE Approximatingr, < r., the current gainG; is obtained
PR Lokl 1 SR —Rr from (A.7) as shown in (A.8) at the bottom of the page.
r 2K 52 2K 52 A i ingC.. 2
1+ <_> + 5 1y <_> + 2 pproximating Cx = gmiTr
Wo ) Wo Wy
RF — QpoT'x |a'l;0| .
wo = Rer 1t 2~ - 2 G(S) = Gio
Frar(Cr + Chr) Rprqry(Cr + Chr) ¢ (1+ s7)(1 + sarp)
9m3 — Gm4
1 Ry (7’7‘- + 7’(,)2 1 Rp Gy ="=——"
K= = A.6
2 \/RF — AT - 2 Tb|a’li0| ( ) gm3 + Im4
2 m m
o ' o = Z9m3Ima - (A.9)
where approximation oRr < a,or, andr, < 7. is used. Im3 + Ima
"c 'bca') m 1 i C7T — Ym 1 i C7T
Gi(s) = L3 0ed 93L& 570 Cr1) = Gonall + 572 0rs) (A8)

; C. Cr
" grn,3(1 +37’b07r4) <1 +s 3) +grn,4(1 +3Tb07r3) <1 + Sg 4)
m3 'm4
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gurren(l + 25 RprC
Grls) = B — Imrrxr(1 + 25 RerCr) _ (A.11)
—v;  (rbR + 7R + gmRT=REER) + s{"br77RCrRr + 2(rbr + 72rR)RERCP} + 25*1uRr72RRERC=RCP
s
—Gral1—
Grls) ~ gmr(1l+ 2sREgrCp) _ RO( ZRo)
(1 + gmrRir) + s(rbrCrr + 2RprCp) + 282r,r RerCrrCr 14 <2KG> n 2
woG wic
gmR
Gpo= — IR
0 1 + ngRER
1
Z = ——
Wog = \/ 1 + ngRER
og = 4 — L ImRIER
2r,rRBErRCrrCP
2RgrC LRCOR
Ko = erRCP +7bRCZR (A.12)

21/2r,RRERCxrCP(1 + gmr RER)

The transconductance gain of another amplifiegy, is

Qo

2Cp

(b)

Fig. 15. Schematic of transconductance amplifier in the second variable: (a)
gain stage and its (b) equivalent circuit.

obtained by substituting’r = 0 to (A.12)

Gro
G =—"%
1— 2
Pro
gmL
Gro=7—"""%5—
1+ gmLREL
1 + gmLREL
PLo=—————71—. (A.13)
TbLCxL
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