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As narrowband off-chip RF filtering is not compatible with the concept of soft-
ware-defined radio (SDR), an SDR receiver must be designed to tolerate large
out-of-band blockers with minimal gain compression and noise figure degrada-
tion. A recent circuit [1] tackles this problem by dispensing with the LNA entire-
ly. This mixer-first approach achieves impressive linearity, but at the expense of
noise figure and, since such a receiver has no gain prior to down-conversion, the
flicker noise corner can be unacceptably high. Other SDR attempts invariably use
a noise-cancelling LNA at the front end, which provides wideband matching,
however such approaches have either inadequate linearity [2] or display too
large a noise for our purposes [3]. In this work, we propose a hybrid frequency-
translational, noise-cancelling (FTNC) receiver that employs two separate down-
conversion paths to enable noise cancelling with no voltage gain prior to base-
band filtering. The resulting design has a sub-2dB noise figure and tolerates
0dBm blockers with no gain back-off, breaking the traditional noise-linearity
trade-off common in all receivers.

Noise-cancelling as applied to LNAs [4] is a straightforward idea: The noise orig-
inating from a 509 impedance-matching resistor at the input of a wideband
receiver can be cancelled by measuring the current in that resistor and the volt-
age at the input port, as shown in Fig. 4.1.1a. While the resistor’s noise is can-
celled using two gain paths, the wanted signal appears in phase and is rein-
forced. Our approach exploits this concept, but avoids voltage gain entirely by
using two separate downconversion paths, as shown in Fig. 4.1.1b. The main
path provides impedance matching and the current measurement, while the aux-
iliary path provides a measure of the voltage at the RF input. By employing pas-
sive mixers and high-gain baseband operational amplifiers, the virtual ground
appears ideally at the RF side of the mixers and suppresses voltage swing prior
to baseband filtering. Thus, without sacrificing noise figure, the system can be
considered blocker-tolerant. Since passive mixers are reciprocal, the noise of the
op-amp in the main path upconverts at the receiver input to RF, but it is cancelled
along with the noise contribution of R,y and the series resistance of the passive
mixer. The noise of the auxiliary op-amp contributes negligibly when driven by a
current-source like Gy cell, and large feedback resistors across the post-mixer
transimpedance amplifiers (TIA) contribute little noise of their own. Therefore,
the Gy, cell, which does not need to provide matching, determines the receiver
noise figure. This enables us to employ a very simple Gy, such as an inverter,
which in addition to being wideband has far better linearity than a typical
matched common-source LNA.

Figure 4.1.2 shows the complete schematic of the receiver. A 502 match is pro-
vided by a combination of the series resistance of the passive mixer switches
and the upconverted input impedance of the main-path TIAs. The TIAs use a sin-
gle-pole inverter-based amplifier to boost large-signal linearity and maximize
0n/lp- In the auxiliary path, the RF Gy cell is realized using an inverter as well. A
scaled replica of this inverter with the input and output shorted is used to bias
the entire receiver, which ensures that no DC current flows through the mixer
switches and, so, eliminates the need for large decoupling capacitors at the
inputs of the passive mixers. A low impedance (=10Q) at the input terminal of
the auxiliary passive mixer suppresses voltage swing at the output of the Gy, cell.
By limiting the output swing, and by setting the common mode at half Vpp, the
Gy cell is able to tolerate an input swing of 0dBm without excessive gain com-
pression.

Downconversion is achieved using eight-phase passive mixers that are driven
with non-overlapping 12.5% duty-cycle clocks. Eight-phase mixers are used for
two reasons: First, by using appropriately weighted combinations of the TIA out-
puts, the I/Q components of the wanted signal around the LO frequency (F )
can be generated, while all folding terms up to 7*F, o are nulled. By comparison,
the 4-phase mixer used in [3] results in unwanted downconversion of signals

around the 3* and 5" harmonic of F g, which is unacceptable for a true SDR.
Secondly, by increasing the number of mixer phases, the amount of noise that
folds down from higher-order harmonics is also reduced, improving noise fig-
ure.

In addition to cost implications and degraded noise figure, a wideband external
balun as required in [3] is simply not practical for an SDR. Our design does not
require a balun, however, its single-ended nature does complicate the design of
the LO: When single-ended passive mixers are employed, any uncorrelated noise
between differential LO signals can couple onto the signal path and corrupt the
noise figure. For this reason the shift-register-based divider shown in Fig. 4.1.3
was used. This divider re-times each clock pulse and limits the amount of sig-
nificant uncorrelated differential noise to the contribution of the highlighted
NMOS transistor.

Unlike the standard noise-cancelling LNA, the proposed receiver can correct for
phase and amplitude mismatch between the two paths. Amplitude mismatch is
corrected by varying the feedback resistors of the auxiliary TIAs, whereas chang-
ing the weighting of the Gy, blocks in the harmonic recombination circuitry can
correct for both phase and gain. Around the optimum point, however, noise can-
celling is quite robust, and measurements show that varying auxiliary phase by
+20° or gain by +20% results in less than 0.3dB degradation in NF.

A test chip was fabricated in 40nm CMOS. The divider was functional from
80MHz to 2.7GHz, and an S44 of around -10dB was observed across the band.
As shown in Fig. 4.1.4, the noise figure was measured at or below 2dB across
most of the band. When the auxiliary path is powered down, the receiver
becomes a mixer-first receiver and the noise figure degrades. Interestingly, in the
mixer-first configuration, a large flicker noise corner is observed due to the main
path TIAs. When the auxiliary path is enabled, however, this noise is upconvert-
ed to RF and then cancelled, causing the 1/f noise corner to drop from 100kHz
to below 20kHz. As shown in Fig. 4.1.5, at maximum gain, a 0dBm blocker locat-
ed at 80MHz from the carrier degrades the noise figure to 4.1dB; this degrada-
tion is mainly due to gain compression (~1.6dB), while reciprocal mixing of the
blocker with the divider phase noise plays a lesser role, thanks to the divider re-
timing. Out-of-band IIP3 was measured at +13.5dBm, and un-calibrated out-of-
band IP2 was better than +54dBm, all at maximum gain. The LO path consumes
3 to 36 mA, the RF Gy, cell draws 8mA, and the baseband circuits consume
16mA. The entire receiver occupies an active area of 1.2mm?. The die micro-
graph is shown in Fig. 4.1.7.

The FTNC RX can also be realized as a fully differential circuit and, in fact, we
have verified such a design on silicon. That differential version has similar noise
performance, but has improved common-mode rejection and [IP2 (+68dBm).

Figure 4.1.6 compares this work with other recently published blocker-tolerant
receivers. Even when compared to a state-of-the-art narrowband receiver [5],
our design improves small-signal noise figure, achieves better blocker perform-
ance, and consumes substantially less current. Finally, unlike the SDR proposed
in [3], our approach achieves better small-signal and blocker noise figure,
requires no external balun, and is immune to 3/5™ harmonic folding.
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Figure 4.1.1: Noise Cancelling: (a) basic concept (b) the proposed noise- Figure 4.1.2: The complete Frequency-Translational, Noise Cancelling (FTNC)
cancelling receiver. receiver.
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Figure 4.1.3: Eight-phase LO generation circuitry. Figure 4.1.4: Measured noise figure.
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Figure 4.1.5: Measured blocker noise figure. Figure 4.1.6: Comparison with recently published blocker-tolerant receivers.
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Figure 4.1.7: Die photograph.
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